Designing self-assembled multicomponent scaffolds for regenerative medicine by Li, Rui
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Energy and persistence conquer all things. 
² Benjamin Franklin
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/LVWRI7DEOHV
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/LVWRI$EEUHYLDWLRQV

' 7ZRGLPHQVLRQDO
' 7KUHHGLPHQVLRQDO
$)0 $WRPLFIRUFHPLFURVFRS\
$6&V $GXOWVWHPFHOOV
$75 $WWHQXDWHGWRWDOUHIOHFWLRQ
%6$ %RYLQHVHUXPDOEXPLQ
&' &LUFXODUGLFKURLVP
&16 &HQWUDOQHUYRXVV\VWHP
&26< &RUUHODWLRQVSHFWURVFRS\
'&0 'LFKORURPHWKDQH
'(3& 'LHWK\OS\URFDUERQDWH
',3($ 11GLLVRSURS\OHWK\ODPLQH
'0' 'XFKHQQH¶VPXVFXODUG\VWURSK\
'0(0 'XOEHFFR¶VPRGLILHGHDJOHPHGLXP
'0) 11GLPHWK\OIRUPDPLGH
'062 'LPHWK\OVXOIR[LGH
'6& 'LIIHUHQWLDOVFDQQLQJFDORULPHWU\
(&0 ([WUDFHOOXODUPDWUL[
(/,6$ (Q]\PHOLQNHGLPPXQRVRUEHQWDVVD\
(5. ([WUDFHOOXODUVLJQDOUHODWHGNLQDVH
(6&V (PEU\RQLFVWHPFHOOV
)$. )RFDODGKHVLRQNLQDVH


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
)%6 )HWDOERYLQHVHUXP
)&6 )HWDOFDOIVHUXP
)) 'LSKHQ\ODODQLQH
)PRF6$3V )OXRUHQ\OPHWK\OR[\FDUERQ\OVHOIDVVHPEOLQJSHSWLGHV
)1 )LEURQHFWLQ
)29 )LHOGRIYLHZ
)7,5 )RXULHUWUDQVIRUPLQIUDUHGVSHFWURVFRS\
*¶ (ODVWLFPRGXOXV
*´ 9LVFRXVPRGXOXV
*G/ *OXFRQRįODFWRQH
*)3 *UHHQIOXRUHVFHQWSURWHLQ
*/3 *OXFDJRQOLNHSHSWLGH
*13 *ROGQDQRSDUWLFOH
*6& *OLRPDVWHPOLNHFHOO
+%66 +DQN
VEDODQFHGVDOWVROXWLRQ
+%78 +H[DIOXRURSKRVSKDWH
+&O +\GURFKORULFDFLG
+') +XPDQGHUPDOILEUREODVWV
+0%& +HWHURQXFOHDUPXOWLSOHERQGFRUUHODWLRQ
K0)&V +XPDQPDPPDU\ILEUREODVWFHOOV
+2%W +\GUR[\EHQ]RWULD]ROHK\GUDWH
+64& +HWHURQXFOHDUVLQJOHTXDQWXPFRUUHODWLRQ
,)7 ,QGLUHFW)RXULHUWUDQVIRUPDWLRQ
L36&V ,QGXFHGSOXULSRWHQWVWHPFHOOV


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
,7& ,VRWKHUPDOWLWUDWLRQFDORULPHWU\
/0:) /RZPROHFXODUZHLJKWIXFRLGDQ
003 0DWUL[PHWDOORSURWHLQDVH
1D2+ 6RGLXPK\GUR[LGH
105 1XFOHDUPDJQHWLFUHVRQDQFH
16&V (QFDSVXODWHGQHXUDOVWHPFHOOV
3DV 3HSWLGHDPSKLSKLOHV
3%6 3KRVSKDWHEXIIHUVDOLQH
3'*)%% 3ODWHOHWGHULYHGJURZWKIDFWRU%%
3)$ 3DUDIRUPDOGHK\GH
3*V 3URWHRJO\FDQV
6$16 6PDOODQJHOQHXWURQVFDWWHULQJ
6$3V 6HOIDVVHPEOLQJSHSWLGHV
6336 6ROLGSKDVHSHSWLGHV\QWKHVLV
6$;6 6PDOODQJOH;UD\VFDWWHULQJ
7(0 7UDQVPLVVLRQHOHFWURQPLFURVFRS\
7(6 7ULHWK\OVLODQH
7)$ 7ULIOXRURDFHWLFDFLG
71) 7LVVXHQHFURWLFIDFWRU
73&V 7LVVXHSURJHQLWRUFHOOV
9(*) 9DVFXODUHQGRWKHOLDOJURZWKIDFWRU

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
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
7KH$PLQR$FLG$EEUHYLDWLRQV





$PLQR$FLG /HWWHU$EEUHYLDWLRQ /HWWHU$EEUHYLDWLRQ
$ODQLQH $OD $
$UJLQLQH $UJ 5
$VSDUDJLQH $VQ 1
$VSDUWLFDFLG $VS '
&\VWHLQH &\V &
*OXWDPLFDFLG *OX (
*OXWDPLQH *OQ 4
*O\FLQH *O\ *
+LVWLGLQH +LV +
,VROHXFLQH ,OH ,
/HXFLQH /HX /
/\VLQH /\V .
0HWKLRQLQH 0HW 0
3KHQ\ODODQLQH 3KH )
3UROLQH 3UR 3
6HULQH 6HU 6
7KUHRQLQH 7KU 7
7U\SWRSKDQ 7US :
7\URVLQH 7\U <
9DOLQH 9DO 9


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
$EVWUDFW


6WHPFHOOWUDQVSODQWDWLRQWKHUDS\KDVWKHSRWHQWLDOWREHDSRZHUIXOWHFKQLTXHIRUUHJHQHUDWLYH
PHGLFLQH,QQDWXUHWKHIDWHRIWKHVHFHOOVLVFRQWUROOHGLQSDUWE\WKHSUHVHQWDWLRQRIVLJQDOV
ZLWKLQDFRPSOH[VHFUHWHGVWUXFWXUHNQRZQDVWKHH[WUDFHOOXODUPDWUL[(&0+RZHYHUZKHQ
LPSODQWLQJ VWHP FHOOV LQWR GLVHDVHG RU GDPDJHG WLVVXH WKH QRQRSWLPDO (&0 SURYLGHV DQ
XQIDYRXUDEOH PLFURHQYLURQPHQW UHVXOWLQJ LQ SRRU FHOO VXUYLYDO DQG OLPLWHG UHJHQHUDWLYH
RXWFRPHV7KHUHIRUHWKHUDWLRQDOGHVLJQRILQMHFWDEOHELRPDWHULDOVWKDWFORVHO\PLPLFWKHVWHP
FHOO QLFKH FRXOG SURYLGH D VXSSRUWLYH PHGLXP WR LPSURYH WKH VXUYLYDO SUROLIHUDWLRQ DQG
GLIIHUHQWLDWLRQRIVWHPFHOOVWKXVHQKDQFHGWLVVXHUHSDLU

6HOIDVVHPEOLQJ SHSWLGHV 6$3V DUH GHULYHG IURP DPLQR DFLG VHTXHQFHV LQVSLUHG E\
FRPSRQHQWV RI WKH (&0 DQG WKHUHIRUH DUH LQKHUHQWO\ ELRFRPSDWLEOH ZKLOVW EHLQJ HDVLO\
V\QWKHVLVHG,PSRUWDQWO\ RWKHUELRDFWLYHPDFURPROHFXOHV VXFKDVSURWHLQVSRO\VDFFKDULGHV
DQGSURWHRJO\FDQV3*VFDQEHFRDVVHPEOHGZLWKWKH6$3VFDIIROGVLQFUHDVLQJWKHFRQWURO
RYHUWKHPLFURHQYLURQPHQWIXUWKHUHQKDQFLQJWKHSRWHQWLDORI6$3VDVELRVFDIIROGV

7R DFKLHYH WKLV DLP ZH LQLWLDOO\ HQJLQHHUHG D UDQJH RI PLQLPDOLVW 
IOXRUHQ\OPHWK\OR[\FDUERQ\O SURWHFWHG 6$3V )PRF6$3V WKDW L FRQWDLQHG ELRORJLFDOO\
DFWLYHSHSWLGHVHTXHQFHVDQGLLIRUPHGDVFDIIROGXQGHUFRQWUROOHGELRORJLFDOFRQGLWLRQV:H
WKHQ GHPRQVWUDWH WKHLU ELRFRPSDWLELOLW\ YLD WKUHH GLPHQVLRQDO ' FHOO FXOWXUH RI KXPDQ
PDPPDU\ILEUREODVWFHOOV7KHQZHGHPRQVWUDWHGFRQWURORYHUWKHVHOIDVVHPEO\FRQGLWLRQVWR
GHILQHWKHSK\VLFRFKHPLFDODQGPHFKDQLFDOSURSHUWLHVRIUHVXOWDQWK\GURJHOV:HH[WHQGHGWKLV


;9,,,

ZRUNWRVKRZWKDWPXOWLSOHSHSWLGHVHTXHQFHVFDQEHLQFRUSRUDWHGLQWRDVLQJOHVFDIIROGWKURXJK
WKHFRDVVHPEO\RIWZRSHSWLGHVHTXHQFHVGHULYHGIURPWKHVLQJOH(&0SURWHLQILEURQHFWLQ
7KLV LQFUHDVHG WKH ELRDFWLYLW\ RI WKH VFDIIROG DV LQGLFDWHG E\ LQFUHDVHG VSUHDGLQJ DQG
DWWDFKPHQWRIILEUREODVWV:HDOVRVKRZWKDWWKHFRDVVHPEO\RISHSWLGHVIURPWZRVHSDUDWH
(&0 SURWHLQV ILEURQHFWLQ DQG ODPLQLQ IRUPHG D VFDIIROG WKDW LQGXFHV WKH IRUPDWLRQ RI
PXOWLQXFOHDWHGV\QWKHWLDIURP&&P\REODVWFHOOV

$VIXUWKHUUHILQHPHQWRIWKHVFDIIROGVZHVKRZHGWKDWLWLVSRVVLEOHWRLQFRUSRUDWHELRDFWLYH
PDFURPROHFXOHVVXFKDVDSRO\VDFFKDULGHDQGSURWHRJO\FDQVZLWKDFRQVLVWHQWPDQQHUWKURXJK
WKH VHOIDVVHPEO\SURFHVV WR LQFUHDVH WKH IXQFWLRQDOLW\RI WKH V\VWHP IRUPRUH VRSKLVWLFDWHG
FRQWURORYHUFHOOEHKDYLRXU7KLVZDVDFKLHYHGFRQVLVWHQWO\DQGZLWKRXWGLVUXSWLRQWRWKHVHOI
DVVHPEO\ SURFHVV :H VKRZ WKDW WKH ELRDFWLYH SUHVHQWDWLRQ RI DQ DQWLLQIODPPDWRU\
SRO\VDFFKDULGHIXFRLGDQV\VWHPLVVXLWDEOHIRUXVHDVDQDQWLFDQFHUPDWHULDOZKLOHDQ)PRF
GHYHORSPHQWDOO\ LPSRUWDQW3*YHUVLFDQFDQEH LQFRUSRUDWHG WRIXQFWLRQDVDVXSSRUWLYH'
VFDIIROGIRU&&FHOOV)LQDOO\ZHGHPRQVWUDWHXWLOLW\DQGELRFRPSDWLELOLW\RIWKHVFDIIROG
DVDYHFWRUIRUWKHVXFFHVVIXOGHOLYHU\DQGVXUYLYDORIQHXUDOVWHPFHOOVWRWKHSDUHQFK\PDRID
PRXVHPRGHOviaLQMHFWLRQLQWRPRXVHEUDLQVDQGWKHPRGLILFDWLRQRIWKH)PRF6$3K\GURJHO
WRFRQVWUDLQWKHGHOLYHU\YLUDOYHFWRUVWRWUDQVIHFWWKHUDSHXWLFJHQHVin vivo

7KLV WKHVLV SUHVHQWV WKH YHUVDWLOLW\ RI 6$3V IRU in vitro ' FHOO FXOWXUH KLJKOLJKWLQJ WKH
VLJQLILFDQFHRI WKLVFODVVRIELRPDWHULDO IRUD UDQJHRI WKHUDSHXWLFDSSOLFDWLRQV7KLVSURMHFW
KLJKOLJKWVIXQGDPHQWDOUHVHDUFKLQWR6$3VFDIIROGVIRUXVHDVDQHZJHQHUDWLRQRIUHJHQHUDWLYH
PDWHULDOVIRUin vivoDSSOLFDWLRQV
 


;,;

$FNQRZOHGJHPHQWV


,ZRXOG OLNH WRH[SUHVVP\JUDWLWXGH WR WKHPDQ\SHRSOHZKRDVVLVWHGDQGVXSSRUWHGPH LQ
FRPSOHWLQJWKLVWKHVLV

7KURXJK WKLV3K' ,KDYHEHHQ OXFN\HQRXJK WRZRUN LQ VHYHUDOZRUOGFODVV ODERUDWRULHV LQ
LQWHUGLVFLSOLQDU\ILHOGV,ZRXOG OLNH WRDFNQRZOHGJHWKHDVVLVWDQFHRI WKHPDQ\SHRSOHZKR
FRQWULEXWHGWRWKLVUHVHDUFK'U$OH[DQGUD5RGULJXH]K\GURJHOFKDUDFWHULVDWLRQLQ&KDSWHU
PDWHULDOVFKDUDFWHULVDWLRQDQGin vivoZRUNLQ&KDSWHU&RQRU+RUJDQK\GURJHOIRUPDWLRQ
DQGWLWUDWLRQXVLQJ*G/LQ&KDSWHU)PRF)5*'))PRF',.9$9PDWHULDOVFKDUDFWHULVDWLRQ
LQ&KDSWHU'U6LYDSUL\D3DYXOXULFHOOFXOWXUHZRUNLQ&KDSWHUVDQG6DQ6HLQW6HLQW
$\H0DWHULDOVFKDUDFWHULVDWLRQLQ&KDSWHU'U9HQJDPD0RGHSDOOLFHOOFXOWXUHZRUNLQ
&KDSWHU'U$QGUHZ6PLWK6$16ZRUNLQ&KDSWHU$OVR WKDQN\RXDOOP\RWKHU ODE
PDWHV,ZLOOUHPHPEHUWKHWLPHZHVSHQWWRJHWKHULQWKHODE.D

,ZRXOGDOVROLNHWRWKDQN5RVH\9DQGULHOIRUWKHWUDLQLQJRI7(05RE3RZIRUWKHWUDLQLQJRI
$)0 UKHRPHWHUDQG'6&$QGDOVR WKDQN1DWDVKD/HH0FUDH0HJDQ0F0DKRQ0DUOH\
%LQGHUIRUWKHWUDLQLQJRI:HVWHUQEORWWUDQVIHFWLRQDQGFXOWXUHDQGSDVVDJHFHOOVDOVRWKDQN
\RX$OH[$GGLQVDOOIRUKHOSLQJPHZLWK5,3$EXIIHUH[WUDFWLRQRIFHOOO\VLV

,WLVYHU\KDUGWROLYHLQDQRWKHUFRXQWU\RQP\RZQHVSHFLDOO\LQWKRVHFRXQWULHVSHRSOHVSHDN
GLIIHUHQWODQJXDJHZLWK\RXUQDWLYHODQJXDJH7KDQN\RXDOOP\IULHQGV9LNL6KDQ'X0HLMXDQ
=KDR<RQJ]KHQ/L5XQTLQJ/L'HTXDQ6XQ%DR/LQ3ROO\'REVRQ1DWDOLH'HEHOMXKDQG
%UHQGDQ+ROODQGIRUKHOSLQJPHILQGP\IHHWZKHQ,ILUVWPRYHWR$XVWUDOLD


;;

,ZRXOG OLNH WR WKDQNP\EULOOLDQW WHDPRI VXSHUYLVRUV7R'U'DYLG1LVEHW WKDQN\RX IRU
ZLOOLQJ WR EH P\ VXSHUYLVRU DQG JDYH PH D YHU\ JRRG LQWURGXFWLRQ LQ WKH WK $6%7(
FRQIHUHQFHLQ6\GQH\7R'U1LFROH6WXSNDWKDQN\RXIRU\RXUWKRXJKWIXOGHVLJQRIDOOP\
&& FHOO FXOWXUH ZRUN WKDQN \RX IRU WHDFKLQJ PH KRZ WR GHVLJQ UDWLRQDO FHOO FXOWXUH
H[SHULPHQWVKRZWRGRVWDWLVWLFVZLWKVRPDQ\FHOOFXOWXUHGDWDDQGKRZWRGRWURXEOHVKRRWLQJ
ZLWKFRPSDQLHV

7KDQN \RX WRP\ VXSHUYLVRU 'U 5LFKDUG:LOOLDPV IRU KLV FRQVWDQW VXSSRUW DQG JXLGDQFH
WKURXJKRXWP\3K'7KDQN\RXIRU5LFKLVDOZD\VDYDLODEOHWRJLYHPHJXLGDQFHIRUWKHSURMHFW
7KDQN\RXIRUKLVLQVWUXFWLRQHQFRXUDJHPHQWDQGSDWLHQFHHVSHFLDOO\ZKHQ,IHHODQ[LRXVZLWK
P\ZRUN,FDQDOZD\VFRXQWRQ\RXUVXSSRUWGXULQJIDLOHGDQGVXFFHVVIXOH[SHULPHQWVSDSHU
UHYLVLRQVDQGVXEPLVVLRQV

)LQDOO\WKDQN\RXIRUP\SULQFLSOHVXSHUYLVRU3URI&ROLQ%DUURZZKRDFFHSWHGPHDVKLV
3K'VWXGHQWZLWKQRGRXEWWKDWWKLVLVDYHU\ELJVXUSULVHIRUPHZKHQ,ZDVLQ&KLQDEHFDXVH
,KDYH\HDUQHGIRUDYHU\ORQJWLPHWRVWXG\DEURDG7KHQHDUO\IRXU\HDUOLIHLQ$XVWUDOLDRSHQV
P\YLVLRQDQGHQULFKHVP\ZKROHOLIH,QRWRQO\JHWP\TXDOLILHG3K'WLWOHEXWDOVRH[SHULHQFH
DYHU\GLIIHUHQWOLIHFRPSDUHGZLWKLQ&KLQD

)LQDOO\,ZRXOGOLNHWRWKDQNP\SDUHQWVP\VLEOLQJVWKDQN\RXIRUP\KXVEDQG4LX\X;LD
DQGP\VRQ7KRPDV;LDWKDQN\RXIRUFRPLQJWR$XVWUDOLDZLWKPHDQGWKDQNIRUDOO\RXU
ORYHDQGDOZD\VSURYLGLQJPHVWURQJVXSSRUWDWDQ\WLPH,QHHG
 


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
/LVWRI$ZDUGVDQG3XEOLFDWLRQV

$ZDUGV
$SULOZDVDZDUGHGRI³&ROWPDQ3UL]Hࡳ%LRPHGLFDO5HVHDUFKHURIWKH<HDU
6WXGHQW([FHOOHQFH$ZDUGV´E\)DFXOW\RI6FLHQFH(QJLQHHULQJDQG%XLOW(QYLURQPHQW
-XQHZDVDZDUGHGRI³(DUO\&DUHHU5HVHDUFKHU$ZDUG´LQ3HSWLGH8VHUV*URXS
:LQWHU6\PSRVLXPE\5R\DO$XVWUDOLDQ&KHPLFDO,QVWLWXWH
$SULOZDVDZDUGHGRIWUDYHOJUDQWVE\WK$QQXDO&RQIHUHQFHRIWKH$XVWUDODVLDQ
6RFLHW\IRU%LRPDWHULDOVDQG7LVVXH(QJLQHHULQJ
DQGDZDUGHGSXEOLFDWLRQLQFHQWLYHIXQGV6FKRRORI/LIHDQG(QYLURQPHQWDO
6FLHQFHV)DFXOW\RI6FLHQFH(QJLQHHULQJ	%XLOW(QYLURQPHQW'HDNLQ8QLYHUVLW\
3XEOLFDWLRQV
D5HIHUHHGMRXUQDODUWLFOHV
&RQRU&+RUJDQ$OH[DQGUD/5RGULJXH]5XL/L.LDUD)%UXJJHPDQ1LFROH6WXSND
-DUHG . 5D\QHV /L 'D\ -RKQ : :KLWH 5LFKDUG - :LOOLDPV 'DYLG 5 1LVEHW
&KDUDFWHULVDWLRQ RI PLQLPDOLVW FRDVVHPEOHG IOXRUHQ\OPHWK\OR[\FDUERQ\O VHOI
DVVHPEOLQJ SHSWLGH V\VWHPV IRU SUHVHQWDWLRQ RI PXOWLSOH ELRDFWLYH SHSWLGHV Acta 
Biomaterialia
5XL/L6LYDSUL\D3DYXOXUL.LDUD)%UXJJHPDQ%HQMDPLQ0/RQJ$QGUHZ-3DUQHOO
$QQH0DUWHO6WHYHQ53DUQHOO)UHGHULFN03IHIIHU$QGUHZ-&'HQQLVRQ.HYLQ5
1LFKRODV &ROLQ - %DUURZ 'DYLG 5 1LVEHW 5LFKDUG - :LOOLDPV &RDVVHPEOHG
QDQRVWUXFWXUHG ELRVFDIIROG UHGXFHV WKH H[SUHVVLRQ RI SURLQIODPPDWRU\ F\WRNLQHV WR
LQGXFHDSRSWRVLV LQHSLWKHOLDOFDQFHUFHOOVNanomedicine: Nanotechnology, Biology, 
and Medicine. 


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
$OH[DQGUD / 5RGULJXH] 7LQJ<L :DQJ .LDUD ) %UXJJHPDQ5XL /L 5LFKDUG -
:LOOLDPV &ODUH / 3DULVK 'DYLG 5 1LVEHW 7DLORULQJ PLQLPDOLVW VHOIDVVHPEOLQJ
SHSWLGHVIRUORFDOL]HGYLUDOYHFWRUJHQHGHOLYHU\Nano Research
5XL/L&RQRU&+RUJDQ%HQMDPLQ0/RQJ$OH[DQGUD/5RGULJXH]&ROLQ-%DUURZ
'DYLG 5 1LVEHW 5LFKDUG - :LOOLDPV 7XQLQJ WKH PHFKDQLFDO DQG PRUSKRORJLFDO
SURSHUWLHVRIVHOIDVVHPEOHGSHSWLGHK\GURJHOVviaFRQWURORILRQLFVWUHQJWKDQGUDWHRI
S+FKDQJHRSC Advances, 
 6KDQH0+LFNH\6KDQL.7ULSFRQ\5XL/L5LFKDUG-:LOOLDPV)UHGHULFN03IHIIHU
2UJDQRJHODWRUVEDVHGRQWKHQRUERUQDQHVFDIIROGSupramolecular Chemistry

9HQJDPD10RGHSDOOL$OH[DQGUD/5RGULJXH]5XL/L6LYDSUL\D3DYXOXUL.HYLQ5
1LFKRODV&ROLQ-%DUURZ'DYLG51LVEHW5LFKDUG-:LOOLDPV,QYLWURUHVSRQVHWR
IXQFWLRQDOL]HG VHOIDVVHPEOHG SHSWLGH VFDIIROGV IRU WKUHHGLPHQVLRQDO FHOO FXOWXUH
Peptide Science
$OH[DQGUD/5RGULJXH]7LQJ<:DQJ.LDUD)%UXJJHPDQ&RQRU&+RUJDQ5XL
/L5LFKDUG-:LOOLDPV&ODUH/3DULVK'DYLG51LVEHW,QYLYRDVVHVVPHQWRIJUDIWHG
FRUWLFDO QHXUDO SURJHQLWRU FHOOV DQG KRVW UHVSRQVH WR IXQFWLRQDOL]HG VHOIDVVHPEOLQJ
SHSWLGHK\GURJHOVDQGWKHLPSOLFDWLRQVIRUWLVVXHUHSDLUJournal of Materials Chemistry 
B,

E5HVHDUFKSDSHUVXQGHUUHYLHZ
5XL /L 'DYLG 5 1LVEHW &ROLQ - %DUURZ 5LFKDUG - :LOOLDPV ,QFUHDVHG
VXSUDPROHFXODU RUGHULQJ RI VHOIDVVHPEOHG SHSWLGH VFDIIROGV ZLWK SRO\DQLRQLF
SRO\VDFFKDULGHV8QGHUUHYLHZ


;;,,,

5XL /L 1DWDVKD /HH0FUDH &ROLQ - %DUURZ 1LFROH 6WXSND 5LFKDUG -:LOOLDPV
)XQFWLRQDOLVHGVHOIDVVHPEO\SHSWLGHVFDIIROGVUHJXODWHJURZWKRI&&P\REODVWVin
vitro8QGHUUHYLHZ
5XL/L6LYDSUL\D3DYXOXUL%HQMDPLQ/RQJ6DQ6HLQW$\H.LDUD)%UXJJHPDQ<L
:DQJ0LWFKHOO%R\G0RVV'DYLG51LVEHW5LFKDUG-:LOOLDPV$WZRFRPSRQHQW
SHSWLGHK\GURJHOIXQFWLRQDOLVHGvia WKHFRDVVHPEO\RIV\QHUJLVWLFHSLWRSHV5*'DQG
3+651GHPRQVWUDWHVLQFUHDVHGELRORJLFDODFWLYLW\IRU'FHOOFXOWXUH8QGHUUHYLHZ

F6FKRODUO\ERRNFKDSWHU
5XL/L$OH[DQGUD/5RGULJXH]'DYLG51LVEHW&ROLQ-%DUURZ5LFKDUG-:LOOLDPV
&KDSWHU³6HOIDVVHPEOHGSHSWLGHQDQRVWUXFWXUHVIRUWKHIDEULFDWLRQRIFHOOVFDIIROGV´
RI³0LFURDQGQDQRIDEULFDWLRQXVLQJVHOIDVVHPEOHGELRORJLFDOQDQRVWUXFWXUHV´-DLPH
&DVWLOOR/HyQ	:LQQLH(6YHQGVHQHGLWRUWilliam Andrew, 

G&RQIHUHQFH3UHVHQWDWLRQV
5XL/L 6LYDSUL\D 3DYXOXUL.LDUD )%UXJJHPDQ%HQMDPLQ/RQJ&ROLQ -%DUURZ
'DYLG 5 1LVEHW 5LFKDUG -:LOOLDPV WKWK -XQH 7KH WK ,QWHUQDWLRQDO
1DQRPHGLFLQH &RQIHUHQFH 6\GQH\ 16: $XVWUDOLD 2UDO SUHVHQWDWLRQ ³&R
DVVHPEOHG 1DQRVWUXFWXUHG %LRVFDIIROG 6HOHFWLYHO\ ,QGXFHV $SRSWRVLV LQ (SLWKHOLDO
&DQFHU&HOOV´
5XL/L0LWFKHOO%R\G0RVV%HQMDPLQ/RQJ'DYLG51LVEHW5LFKDUG-:LOOLDPV
WKWK-XQH7KHWK,QWHUQDWLRQDO1DQRPHGLFLQH&RQIHUHQFH6\GQH\16:
$XVWUDOLD2UDOSUHVHQWDWLRQ ³&RDVVHPEOHG3HSWLGH+\GURJHO3UHVHQWLQJ5*'DQG
3+651UHVXOWVLQ,PSURYHG&HOO$WWDFKPHQWDQG6XUYLYDO´


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
&RQRU & +RUJDQ5XL /L .LDUD ) %UXJJHPDQ 1LFROH 6WXSND 'DYLG 5 1LVEHW
5LFKDUG - :LOOLDPV WKWK -XQH  7KH WK ,QWHUQDWLRQDO 1DQRPHGLFLQH
&RQIHUHQFH 6\GQH\ 16: $XVWUDOLD 2UDO SUHVHQWDWLRQ ³&RDVVHPEOHG 3HSWLGH
1DQRVFDIIROGVZKLFK3UHVHQW0XOWLSOH%LRDFWLYH6LJQDOV'HPRQVWUDWH6XSHULRU&RQWURO
RI&HOO)DWHLQ'&HOO&XOWXUH´
5XL/L 6LYDSUL\D 3DYXOXUL.LDUD )%UXJJHPDQ%HQMDPLQ/RQJ&ROLQ -%DUURZ
'DYLG 5 1LVEHW 5LFKDUG -:LOOLDPV UG -XQH 7KH $XVWUDOLDQ 6RFLHW\ IRU
0HGLFDO 5HVHDUFK $605 6WXGHQW 5HVHDUFK 6\PSRVLXP 0HOERXUQH 9,&
$XVWUDOLD$FFHSWHG SRVWHU SUHVHQWDWLRQ ³&RDVVHPEOHG1DQRVWUXFWXUHG%LRVFDIIROG
6HOHFWLYHO\,QGXFHV$SRSWRVLVLQ(SLWKHOLDO&DQFHU&HOOV´
5XL/L6DQ6HLQW6HLQW$\H6LYDSUL\D3DYXOXUL&ROLQ -%DUURZ'DYLG51LVEHW
5LFKDUG-:LOOLDPVWKWK6HSWHPEHUWK7(50,6:RUOG&RQJUHVV
%RVWRQ0$86$3RVWHUSUHVHQWDWLRQ³)DEULFDWLRQRI1DWXUDO([WUDFHOOXODU0DWUL[
0LPLF8VLQJ)XQFWLRQDOL]HG6HOI$VVHPEOHG3HSWLGH6FDIIROGVIRU7KUHH'LPHQVLRQDO
&HOO&XOWXUH´
5XL /L WK 2FWREHU  6WUDWHJ\ 5HVHDUFK 'D\ &HQWUH IRU &KHPLVWU\ DQG
%LRWHFKQRORJ\ *HHORQJ 9,& $XVWUDOLD2UDO 3UHVHQWDWLRQ ³6FDIIROGV IRUPHG E\
PXOWLFRPSRQHQW VHOIDVVHPEO\ WR FRQWURO VWHP FHOO IDWH IRU WLVVXH HQJLQHHULQJ
DSSOLFDWLRQV´
5XL/L6LYDSUL\D3DYXOXUL.LDUD)%UXJJHPDQ&ROLQ -%DUURZ'DYLG51LVEHW
5LFKDUG-:LOOLDPVWK-XQH3HSWLGH8VHUV*URXS:LQWHU6\PSRVLXPKRVWHG
E\5R\DO$XVWUDOLDQ&KHPLFDO ,QVWLWXWH2UDO SUHVHQWDWLRQ ³'XDO&RPSRQHQW 6HOI
$VVHPEOHG3HSWLGH6FDIIROG6HOHFWLYHO\,QGXFHV$SRSWRVLVLQ(SLWKHOLDO&DQFHU&HOOV´
5XL/L.LDUD)%UXJJHPDQ'DYLG51LVEHW5LFKDUG-:LOOLDPVWKWK$SULO
WK$QQXDO&RQIHUHQFHRIWKH$XVWUDODVLDQ6RFLHW\IRU%LRPDWHULDOVDQG7LVVXH


;;9

(QJLQHHULQJ $6%7( 6\GQH\ 16: $XVWUDOLD 2UDO SUHVHQWDWLRQ
³0XOWLFRPSRQHQWK\GURJHOIRUPHGYLDVHOIDVVHPEO\GRZQUHJXODWHVSURLQIODPPDWRU\
F\WRNLQHVDQGLQGXFHVVHOHFWLYHDSRSWRVLVLQHSLWKHOLDOFDQFHUFHOOV´
5XL/L6DQ6HLQW6HLQW$\H6LYDSUL\D3DYXOXUL'DYLG51LVEHW&ROLQ -%DUURZ
5LFKDUG-:LOOLDPVWKWK$SULOWK$QQXDO&RQIHUHQFHRIWKH$XVWUDODVLDQ
6RFLHW\IRU%LRPDWHULDOVDQG7LVVXH(QJLQHHULQJ$6%7(6\GQH\16:$XVWUDOLD
2UDO SUHVHQWDWLRQ ³7XQLQJ WKH SK\VLFDO DQG ELRORJLFDO FKDUDFWHULVWLFV RI VHOI
DVVHPEOHGSHSWLGHVFDIIROGVIRUHQKDQFHFHOODGKHVLRQ´
$OH[DQGUD/5RGULJXH]7LQJ<L:DQJ.LDUD)%UXJJHPDQ&RQRU&+RUJDQ5XL
/L5LFKDUG-:LOOLDPV&ODUH/3DULVK'DYLG51LVEHWWKWK'HFHPEHU
7(50,6 $PHULFDQV $QQXDO &RQIHUHQFH DQG ([SRVLWLRQ :DVKLQJWRQ '&
$PHULFD3RVWHUSUHVHQWDWLRQ³6HOIDVVHPEOLQJSHSWLGHK\GURJHOVIRUVXSSRUWRIQHXUDO
VWHPFHOOWUDQVSODQWVDQGLPSOLFDWLRQVIRUWLVVXHUHSDLU´
5XL/LWKVW2FWREHU+'5FRQIHUHQFHRI6FKRRORI/LIHDQG(QYLURQPHQWDO
6FLHQFHV 'HDNLQ 8QLYHUVLW\ :DUUQDPERRO2UDO SUHVHQWDWLRQ ³&RQWURO RYHU WKH
SK\VLFDO DQG FKHPLFDO SURSHUWLHV RI VHOIDVVHPEOHG SHSWLGH VFDIIROGV IRU WKUHH
GLPHQVLRQDOFHOOFXOWXUHin-vivoDQGin-vitro´
5XL/L$OH[DQGUD/5RGULJXH].LDUD)%UXJJHPDQ&ROLQ-%DUURZ'DYLG51LVEHW
5LFKDUG - :LOOLDPV WKWK 6HSWHPEHU  WK ,QWHUQDWLRQDO 0LFURVFRS\
&RQJUHVV3UDJXH&]HFK5HSXEOLF3RVWHUSUHVHQWDWLRQ³&RQWUROOLQJWKHSDUDPHWHUV
RIVHOIDVVHPEO\WRIXQFWLRQDOLVHSHSWLGHK\GURJHOV´
5XL/L9HQJDPD10RGHSDOOL$OH[DQGUD/5RGULJXH]&ROLQ-%DUURZ5LFKDUG-
:LOOLDPVQGWK$SULOUG$QQXDO&RQIHUHQFHRIWKH$XVWUDODVLDQ6RFLHW\
IRU%LRPDWHULDOVDQG7LVVXH(QJLQHHULQJ$6%7(/RUQH9,&$XVWUDOLD3RVWHU


;;9,

SUHVHQWDWLRQ ³&RQWUROOLQJ WKH SDUDPHWHUV RI VHOIDVVHPEO\ WR IXQFWLRQDOLVH SHSWLGH
K\GURJHOV´
&RQRU&+RUJDQ$OH[DQGUD/5RGULJXH].LDUD)%UXJJHPDQ5XL/L5LFKDUG-
:LOOLDPV 'DYLG 5 1LVEHW QGWK $SULO  UG $QQXDO &RQIHUHQFH RI WKH
$XVWUDODVLDQ 6RFLHW\ IRU%LRPDWHULDOV DQG7LVVXH(QJLQHHULQJ $6%7( /RUQH
9,&$XVWUDOLD3RVWHUSUHVHQWDWLRQ³&KDUDFWHULVDWLRQRI)PRFEDVHGVHOIDVVHPEOLQJ
SHSWLGHFRDVVHPEO\V\VWHPVIRUWLVVXHHQJLQHHULQJDSSOLFDWLRQV´
5XL/L$OH[DQGUD/5RGULJXH].LDUD)%UXJJHPDQ&ROLQ-%DUURZ'DYLG51LVEHW
5LFKDUG-:LOOLDPVVWWK$SULO0DWHULDOV5HVHDUFK6RFLHW\0566SULQJ
0HHWLQJ 6DQ )UDQFLVFR $PHULFD2UDO 3UHVHQWDWLRQ ³0RGLI\LQJ PLQLPDOLVW VHOI
DVVHPEOHGSHSWLGHV\VWHPVIRUUHJHQHUDWLYHPHGLFLQHDSSOLFDWLRQV´






&KDSWHU ,QWURGXFWLRQ





 




 %DFNJURXQG
%LRPLPHWLFV\QWKHWLFPDWHULDOVWKDWHQKDQFHVWHPFHOOWUDQVSODQWDWLRQKDYHVKRZQVLJQLILFDQW
WKHUDSHXWLFSURPLVHIRUWKHWUHDWPHQWRIPDQ\KXPDQGLVHDVHV7KLVLVGXHWRWKHLUSRWHQWLDOWR
GHOLYHU D KHDOWK\ PLFURHQYLURQPHQW WR VXSSRUW QHZ FHOOV DQG DOVR VLPXOWDQHRXVO\ SURYLGH
WKHUDSHXWLFIDFWRUVWRKHOSUHSDLUWKHVLWHRIGLVHDVHDQGGDPDJH>@7KHVWHPFHOOQLFKHLVD
FRPSOH[PLOLHXFRPSRVHGRIFHOOVZLWKLQDVXSSRUWLYHDQGLQVWUXFWLYHVFDIIROGFRQVLVWLQJRID
FHOOXODUO\VHFUHWHGH[WUDFHOOXODUPDWUL[(&0WKDWSURYLGHVWKHFKHPLFDOPRUSKRORJLFDODQG
PHFKDQLFDOVLJQDOVUHTXLUHGWRJXLGHFHOOIDWH$VLJQLILFDQWLVVXHRIVWHPFHOOWUDQVSODQWDWLRQ
WRWKHKRVWLOHORFDOHQYLURQPHQWZDVIRXQGLQWKHWDUJHWWLVVXH7KHPLFURHQYLURQPHQWRIWKH
WLVVXH LV GDPDJHG DQG GLVHDVHG ZKLFK OLPLWV WKH VXUYLYDO DQG SK\VLRORJLFDO IXQFWLRQ RI
WUDQVSODQWHG FHOOV >@ %LRPDWHULDOV KDYH JUHDW SRWHQWLDO WR KHOS LPSURYH FHOO YLDELOLW\ RU
SUROLIHUDWLRQ E\ SUHVHQWLQJ DQ DOWHUQDWLYH PLFUR HQYLURQPHQW RI RSWLPDO FRQGLWLRQV LQ
RWKHUZLVHKRVWLOHVXUURXQGLQJV7KHUHIRUHLQRUGHUWRLPSURYHWKHUDSLHVZKHUHWKHVHFHOOVDUH
GHOLYHUHG WR WKH ERG\ D NH\ VWUDWHJ\ LV WKH XVH RI DQ DUWLILFLDO HQYLURQPHQW WKDW FDQ EH
VLPXOWDQHRXVO\GHOLYHUHGWRFORVHO\PDWFKVWHPFHOO¶VQDWXUDOQLFKH

$PRQJVWPDQ\W\SHVRIELRPDWHULDOVK\GURJHOVIRUPHGE\VHOIDVVHPEOLQJSHSWLGHV6$3V
DUHSDUWLFXODUO\SURPLVLQJFDQGLGDWHVDVWKH\IRUPIURPV\QWKHWLFDPLQRDFLGVHTXHQFHVGHULYHG
IURPSURWHLQV7KHVHFDQEHWKHUHIRUHEHGHVLJQHGWRIRUPYLDWKHVDPHPHFKDQLVPVWKDWGULYH
WKHIRUPDWLRQRIWKHSURWHLQ(&0FRPSRQHQWV>@8VLQJELRLQVSLUHG6$3VDVEXLOGLQJEORFNV
WRHQJLQHHUELRPDWHULDOVKROGVPDQ\DGYDQWDJHVVXFKDVWKHLULQKHUHQWELRFRPSDWLELOLW\KLJK
VSHFLILFLW\DQGVLPSOHV\QWKHVLV>@,QRQHRIWKHNH\IHDWXUHVRIWKLVDSSURDFKWKHFKHPLFDO
VWUXFWXUHLVHDVLO\GHWHUPLQHGE\WKHVHTXHQFHRIDPLQRDFLGVWKHUHE\DOORZLQJG\QDPLFFRQWURO
RYHUWKHLURUJDQLVDWLRQDQGFKHPLFDOSURSHUWLHV,PSRUWDQWO\DVELRORJLFDOPROHFXOHVSHSWLGHV




FDQEHUHDGLO\GHJUDGHGin vivoWREHQLJQE\SURGXFWVPDNLQJWKHPLQKHUHQWO\ELRFRPSDWLEOH
>@

5HFHQWO\ UHVHDUFK HIIRUWV KDYH LGHQWLILHG PLQLPDOLVW )PRF6$3V ZKLFK IRUP QDQRILEURXV
QHWZRUNVviaQRQFRYDOHQWLQWHUDFWLRQVWKURXJKʌȕVHOIDVVHPEO\>@7KH)PRFJURXSVGULYH
WKHVXSUDPROHFXODUDVVRFLDWLRQRIWKHPROHFXOHVWKURXJKK\GURSKRELFDQGʌʌVWDFNLQJHIIHFWV
DQG LQWHUPROHFXODU ȕVKHHW K\GURJHQ ERQGV EHWZHHQ WKH GLSHSWLGHV IXUWKHU HQIRUFH WKH
VWUXFWXUHV>@,PSRUWDQWO\WKHSRWHQWLDOIRUVXSUDPROHFXODULQWHUDFWLRQVZLWKRWKHUELRORJLFDOO\
GHULYHG PDFURPROHFXOHV VXFK DV SRO\VDFFKDULGHV DQG SURWHRJO\FDQV IXUWKHU HQKDQFHV WKH
SRWHQWLDORI6$3V>@7KHVLPSOLFLW\DQGYHUVDWLOLW\RI6$3VPDNHVWKHPDSDUWLFXODUO\HOHJDQW
DQGYDOXDEOHDSSURDFKWRZDUGVIXQFWLRQDOLVHGELRPDWHULDOV
 3URMHFW6LJQLILFDQFHDQG,QQRYDWLRQ
:LWKDQLQFUHDVLQJO\DJLQJSRSXODWLRQRYHUERWKLQ$XVWUDOLDLQFUHDVLQJIURPDWSUHVHQW
WR DERXW E\ DQG JOREDOO\ E\ KRZ WR VXFFHVVIXOO\ UHSDLU RU UHSODFH
GDPDJHG RU GHJHQHUDWLYH WLVVXHV KDV EHFRPH D VLJQLILFDQW FKDOOHQJH IRU IXWXUH KHDOWKFDUH
5HFHQWO\ELRPDWHULDOEDVHGUHJHQHUDWLYHPHGLFLQHDSSURDFKHVKDYHVKRZQWREHDSURPLVLQJ
URXWHWRWUHDWPHQW>@&HOOWKHUDS\KROGVWKHSRWHQWLDOIRUWKHWUHDWPHQWRIPDQ\GHJHQHUDWLYH
GLVHDVHVVXFKDVKHDUWGLVHDVH>@PXVFXODUG\VWURSK\>@DQGERQHGLVHDVH>@)RUFHOO
WKHUDS\WKHPRVWLGHDOVRXUFHRIFHOOVDUHKDUYHVWHGIURPWKHLQGLYLGXDOSDWLHQW+RZHYHUWKHVH
W\SHVRIFHOOVDUHH[WUHPHO\VFDUFH+HQFHLQRUGHUIRUHIILFLHQWWUHDWPHQWHIIHFWLYHDSSURDFKHV
ZKLFKFDQJUHDWO\LQFUHDVHFHOOQXPEHUQHHGWREHGHYHORSHGIRUWKHJURZWKSUROLIHUDWLRQDQG
GLIIHUHQWLDWLRQRIFHOOVDQGVXEVHTXHQWWUDQVSODQWDWLRQWRWKHSDWLHQWV





,QVSLUHGE\WKLVFKDOOHQJHWKLVWKHVLVFRQFHUQVWKHGHVLJQDQGIDEULFDWLRQRIDQRYHO)PRF6$3
K\GURJHO WR IXQFWLRQ DV D ELRPLPHWLF PXOWLFRPSRQHQW K\GURJHO ZLWK FRQWUROOHG
SK\VLFRFKHPLFDOSURSHUWLHVLQRUGHUWRFORVHO\PLPLFIHDWXUHVRIWKHQDWXUDO(&0:HVHHNWR
SURGXFHGHVLJQUXOHVIRUIXQFWLRQDOPDWHULDOVWKDWKDYHGLYHUVHFRPSRVLWLRQDQGFRQWDLQVLJQDOV
FKHPLFDODQGSK\VLFDOZKLFKDUHVSDWLDOO\DQGWHPSRUDOO\GLVWULEXWHG:HVKRZWKDWWKLVFDQ
SRWHQWLDOO\EHDFKLHYHGE\WKHDVVHPEO\RIHSLWRSHFRQWDLQLQJ6$3VWZRFRPSRQHQWDVVHPEO\
RU WKHFRDVVHPEO\RIELRORJLFDOO\DFWLYHPDFURPROHFXOHVWRHQJLQHHUDPXOWLFRPSRQHQW'
VFDIIROGRQWKHQDQRVFDOHDQGVXEPLFURQZKLFKFDQGXSOLFDWHWKHSURSHUWLHVRIQDWLYH(&0
LQRUGHUWRLPSURYHFHOOJURZWKIDWHDQGVXUYLYDO
 $LPV
2YHUDOO$LP 7R HQJLQHHU D UHOLDEOHPXOWLFRPSRQHQW )PRF6$3 VFDIIROGZKLFK SUHVHQWV
ELRFKHPLFDO DQG ELRPHFKDQLFDO VLJQDOV via D QDQR PLFUR DQG PDFURVFDOH VWUXFWXUH WR
UHSURGXFH WKH PLFURHQYLURQPHQW SURYLGHG E\ WKH QDWLYH (&0 WKHUHE\ FUHDWLQJ HIIHFWLYH
WUDQVSODQWHGFHOOWKHUDS\UHJHQHUDWLYHDSSOLFDWLRQV

$LP7RFUHDWHDQ)PRF6$3VFDIIROGWKDWDVVHPEOHVWRSUHVHQWDELRDFWLYHHSLWRSHXQGHU
ELRORJLFDOFRQGLWLRQVE\WKHUDWLRQDOGHVLJQRISHSWLGHVHTXHQFH
$LP7RWXQHWKHVFDIIROGVPHFKDQLFDODQGPRUSKRORJLFDOSURSHUWLHVE\FRQWUROOLQJWKH
VHOIDVVHPEO\FRQGLWLRQVRIWKHUHVXOWHGVFDIIROGVIRUSURSRVHGDSSOLFDWLRQV
$LP  7R IDEULFDWH )PRF6$3 ILEURXV VFDIIROGV ZKLFK FRDVVHPEOH ZLWK 3*V RU
SRO\VDFFKDULGHVVXFKDVYHUVLFDQRUIXFRLGDQWRSURYLGHPXOWLSOHPRWLIVZLWKLQWKH
VFDIIROGWRHQKDQFHWKHFHOOVXUYLYDODQGRUGHOLYHUWKHUDSHXWLFV




$LP 7R HQJLQHHU D GXDO )PRF6$3 VFDIIROG E\ FRDVVHPEOLQJ WZR GLVWLQFW HSLWRSHV
)PRF6$3WRPRUHFORVHO\PLPLFWKHSUHVHQWDWLRQRIHSLWRSHVE\SURWHLQVLQWKH
QDWXUDO(&0DQGXVHWKLVWRLPSURYHFHOOYLDELOLW\
$LP7RDVVHVVWKHDELOLW\RIWKHK\GURJHODVDFHOOGHOLYHU\YHKLFOHin vivo.
 7KHVLV2XWOLQH
7KLVWKHVLVIRFXVHVRQWKHGHYHORSPHQWRI6$3VIRUin vitroDQGin vivoFHOOWKHUDS\DSSOLFDWLRQV
7KHIROORZLQJFKDSWHUVDUHHLWKHUSXEOLVKHGDUWLFOHVVXEPLWWHGPDQXVFULSWVRUPDQXVFULSWVLQ
SUHSDUDWLRQDQGFDQEHGLYLGHGLQWRHLJKWFKDSWHUVRXWOLQHGDVIROORZV

7KHWKHVLVEHJLQVZLWKDOLWHUDWXUHUHYLHZLQ&KDSWHU7RDGGUHVVSDVWDQGFXUUHQWUHVHDUFK
LQ )PRF6$3V GHVLJQ IDEULFDWLRQ in vitro, DQG in vivo DSSOLFDWLRQV&KDSWHU  SURYLGHV
IXQGDPHQWDOUHVHDUFKLQYROYHGLQWKHUDWLRQDOGHVLJQDQGGHYHORSPHQWWRDFKLHYHWKHDVVHPEO\
XQGHUSK\VLRORJLFDOFRQGLWLRQVRIDELRIXQFWLRQDOLVHG)PRF6$3EDVHGK\GURJHOV\VWHPWKDW
FRQWDLQV D VLJQDO IURP ILEURQHFWLQ )PRF)5*')&KDSWHU  WKHQ JRHV RQ WR FRQILUP WKH
ELRDYDLODELOLW\RIWKHSHSWLGHVHTXHQFHWKURXJK'FHOOFXOWXUHXVLQJKXPDQPDPPDOILEUREODVW
FHOOV K0)&V E\ FRPSDULVRQ WR D PHFKDQLFDOO\ DQG PRUSKRORJLFDOO\ LGHQWLFDO VFUDPEOHG
VHTXHQFHWKHQLQ&KDSWHUWKHHIIHFWRIWKHFRQGLWLRQVXQGHUZKLFKVHOIDVVHPEO\RFFXUVRQ
WKH ILQDO SK\VLFRFKHPLFDO DQGPHFKDQLFDO SURSHUWLHV RI WKH K\GURJHOV ZDV LQYHVWLJDWHG ,Q
&KDSWHUZHGHYHORSHGWKHIXQFWLRQDOLVDWLRQRIWKHV\VWHPYLDWKHFRDVVHPEO\RIWZR6$3V
FRQWDLQLQJV\QHUJLVWLFHSLWRSHVERWKGHULYHGIURPILEURQHFWLQ3+651DQG5*'GHVLJQHGWR
HQKDQFH WKH ELRPLPHWLF FDSDFLW\ RI WKH VFDIIROG DQG VKRZLQJ DQ LQFUHDVH LQ FHOO QXPEHU
VSUHDGLQJDQGDWWDFKPHQWLQWKH'FHOOFXOWXUHRIK0)&V,Q&KDSWHUZHGHPRQVWUDWHGWKH
FRDVVHPEO\ RI HSLWRSHV IURP WZR VHSDUDWH (&0 SURWHLQV ILEURQHFWLQ 5*' DQG ODPLQLQ




,.9$9WRIRUPDVFDIIROGWKDWLQGXFHVWKHIRUPDWLRQRISURWRP\RWXEHVIURP&&FHOOV
,Q &KDSWHU  D VXOSKRQDWHG SRO\VDFFKDULGH ZLWK SURYHQ DQWLLQIODPPDWRU\ SURSHUWLHV
IXFRLGDQ ZDV LQFRUSRUDWHG LQWR WKH )PRF)5*') WKURXJK FRDVVHPEO\ LQ WHUPV RI D
PDFURPROHFXODU LQWHUDFWLRQ WR IRUP DPXOWLFRPSRQHQW VFDIIROG ZKHUH WKH QDQRILEULOV ZHUH
PDLQWDLQHGDQGGHFRUDWHGZLWKWKHSRO\VDFFKDULGH,Q&KDSWHUWKLVPXOWLFRPSRQHQWVFDIIROG
ZDVXVHGWRDFWDVDQRQWR[LFDQWLFDQFHUPDWHULDOWKDWLQGXFHGDSRSWRVLVLQDKXPDQWRQJXH
VTXDPRXVFHOOFDUFLQRPDFHOOOLQH6&&WKDWZDVDOVRELRFRPSDWLEOHIRUK0)&FHOOVK0)&V
DUHKXPDQPDPPDU\ ILEUREODVW FHOOVZKLFKDUHGLIIHUHQWLDWHG IURPPDPPDU\ VWURPDOFHOOV
LVRODWHG IURP KXPDQPDPPDU\ WLVVXH ,Q &KDSWHU  FRDVVHPEO\ZDV DOVR VKRZQ WR EH
HIIHFWLYH XVLQJ WKH GHYHORSPHQWDOO\ LPSRUWDQW SURWHRJO\FDQ YHUVLFDQ ZKLFK ZDV XVHG WR
SURYLGHDVXSSRUWLYH'VFDIIROGIRUWKHPRXVHP\REODVWFHOOOLQH&&)LQDOO\LQ&KDSWHU
ZHGHPRQVWUDWHGXWLOLW\DQGELRFRPSDWLELOLW\RIWKHVFDIIROGDVDYHFWRUIRUWKHGHOLYHU\RI
VWHPFHOOVDQGWKHUDSHXWLFJHQHVin vivo7KHWKHVLVHQGVZLWKFRQFOXVLRQVDQGIXWXUHGLUHFWLRQV
E\GLUHFWLQJWKHUHDGHUWRIXWXUHGHYHORSPHQWRI)PRF6$3VIRUWLVVXHHQJLQHHULQJLQ&KDSWHU


$GGLWLRQDOO\DSSHQGL[,SURYLGHVVXSSOHPHQWDU\LQIRUPDWLRQQRWGHWDLOHGHOVHZKHUH













&KDSWHU 6HOI$VVHPEOLQJ 3HSWLGH1DQRVWUXFWXUHV IRU
WKH)DEULFDWLRQRI&HOO6FDIIROGV

,QWKLVFKDSWHUZHSURYLGHGDQRYHUYLHZRIWKHFXUUHQWOLWHUDWXUHLQFHOOWKHUDS\DQG6$3V7KH
DLPRIFHOOWKHUDS\ZDVGLVFXVVHGDQGWKHQWKH6$3K\GURJHOVWKDWZHUHXVHGIRUFHOOWKHUDS\
DUH LQWURGXFHG :H WKHQ UHYLHZHG WKH FODVVHV RI 6$3V DQG WKH FRQWURO DSSURDFK RI 6$3
VFDIIROGV¶PHFKDQLFDOSURSHUWLHVIROORZHGE\DGLVFXVVLRQRIPHWKRGVRIKRZWRIXQFWLRQDOLVH
6$3VFDIIROGV)LQDOO\ZHGLVFXVVHGWKHin vitroDQGin vivoDSSOLFDWLRQVRI6$3VFDIIROGV7KLV
UHYLHZVHWVWKHFRQWH[WIRUWKHIROORZLQJUHVHDUFKFKDSWHUVWKHUHE\GHILQLQJWKHFRQWULEXWLRQRI
WKLVWKHVLVZRUNZLWKLQWKHILHOGRIELRPDWHULDOVIRUWLVVXHHQJLQHHULQJ


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
 
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






 





Publication relevant to this chapter: 

5XL/L$OH[DQGUD/5RGULJXH]&ROLQ-%DUURZ'DYLG51LVEHW5LFKDUG-:LOOLDPV6HOI
DVVHPEOHG SHSWLGH QDQRVWUXFWXUHV IRU WKH IDEULFDWLRQ RI FHOO VFDIIROGV In: Micro and 
Nanofabrication using Self-Assembled Biological Nanostructures&DVWLOOR/HyQ-	6YHQGVHQ
:(HGLWRUWilliam AndrewS5HSURGXFHGZLWKNLQGSHUPLVVLRQIURP(OVHYLHU
,QF
$EVWUDFW
7KHIDEULFDWLRQRIDUWLILFLDOVFDIIROGVWRHIIHFWLYHO\PLPLFWKHKRVWHQYLURQPHQWRIWKHFHOOKDV
VLJQLILFDQWSRWHQWLDOIRUWKHWUHDWPHQWRIPDQ\GLVHDVHV,QSDUWLFXODUWKH\KDYHWKHSRWHQWLDOWR
VXSSRUWUHSODFHDQGPHGLDWHWKHWUDQVSODQWDWLRQRIWKHUDSHXWLFFHOOVWRGDPDJHGRUGLVHDVHG
WLVVXHV,QRUGHUWRDFKLHYHWKHVHJRDOVWKHHQJLQHHULQJRIDQHQYLURQPHQWVWUXFWXUDOO\VLPLODU
WRWKHQDWLYH(&0LVQHFHVVDU\LQRUGHUWRFORVHO\PDWFKWKHFKHPLFDODQGSK\VLFDOFRQGLWLRQV
IRXQGZLWKLQWKHH[WUDFHOOXODUQLFKH5HFHQWO\6$3K\GURJHOVKDYHVKRZQJUHDWSRWHQWLDOIRU
VXFKELRORJLFDODSSOLFDWLRQVGXHWRWKHLULQKHUHQWELRFRPSDWLELOLW\SURSHQVLW\WRIRUPKLJKHU
RUGHUVWUXFWXUHVULFKFKHPLFDOIXQFWLRQDOLW\DQGHDVHRIV\QWKHVLV,PSRUWDQWO\LWLVSRVVLEOHWR
FRQWURO WKH RUJDQLVDWLRQ DQG SURSHUWLHV RI WKH WDUJHW PDWHULDOV DV WKH FKHPLFDO VWUXFWXUH LV
GHWHUPLQHGE\DPLQRDFLGVHTXHQFH+HUHZHGLVFXVVWKHFKDOOHQJHVDQGWKHGHYHORSPHQWRI
6$3K\GURJHOVIRUIXQFWLRQDOFHOOVFDIIROGV 




 ,QWURGXFWLRQ
5HJHQHUDWLYH PHGLFLQH DQG WLVVXH HQJLQHHULQJ KDYH HPHUJHG DV LPSRUWDQW DYHQXHV IRU WKH
WUHDWPHQWRIKXPDQGLVHDVHVZLWKWKHSXUSRVHRIUHSODFLQJUHSDLULQJRUHQKDQFLQJWKHELRORJLFDO
IXQFWLRQRIGDPDJHG WLVVXHV DQGRURUJDQV >@7RDFKLHYH VXFKFRPSOH[ WLVVXH UHSDLU LW LV
QHFHVVDU\WRJHQHUDWHD'PLFURHQYLURQPHQWWKDWSRVVHVVHVWKHDSSURSULDWHELRFKHPLFDODQG
ELRPHFKDQLFDO SURSHUWLHV WKDW FORVHO\PLPLF WKH H[WUDFHOOXODU QLFKHZKLFK DLPV WR SURYLGH
VWUXFWXUDO DQG ELRDFWLYH VXSSRUW WR H[RJHQRXV DQG HQGRJHQRXV FHOOV >@ 7KH GHVLJQ RI
PDWHULDOVZLWKZHOOGHILQHGSURSHUWLHVLVRILQWHUHVWHVSHFLDOO\LQIRUPLQJQDQRVFDOHDVVHPEOLHV
WKDW FDQ SURYLGH D VFDIIROGLQJ VXSSRUW IRU D UDQJH RI DSSOLFDWLRQV LQFOXGLQJ UHJHQHUDWLYH
PHGLFLQH>@

7KH QDWLYH PLFURHQYLURQPHQW LV FRPSRVHG RI WKH (&0 DQ DTXHRXV PLOLHX ZLWK D VHOI
DVVHPEOHG LQWHUORFNLQJ ' VWUXFWXUH FRPSRVHG RI D G\QDPLF DQG WLVVXH VSHFLILF UDQJH RI
VLJQDOOLQJ PROHFXOHV LQFOXGLQJ SURWHLQV HJ ILEURQHFWLQ DQG ODPLQLQ FROODJHQ
JO\FRVDPLQRJO\FDQVDQGSURWHRJO\FDQVHQULFKHGZLWKVROXEOHIDFWRUV>@7KLVVFDIIROGOLNH
VXSSRUW SURYLGHV WKH EXON VKDSH DQG VWUHQJWK RI PDQ\ WLVVXHV in vivo >@:KLOH VROXEOH
PRUSKRJHQVSOD\DQ LPSRUWDQW UROH LQFRQWUROOLQJFHOOXODUSURFHVVHV LWKDVEHHQVKRZQ WKDW
(&0SHSWLGHELQGLQJGRPDLQVDUHVSHFLILFDOO\UHFRJQLVHGE\LQWHJULQFHOOVXUIDFHUHFHSWRUVDQG
KDYH SURIRXQG HIIHFWV RQ FHOO PLJUDWLRQ VXUYLYDO SUROLIHUDWLRQ DQG GLIIHUHQWLDWLRQ >@
$GGLWLRQDOO\ FHOOV FDQ µVHQVH¶ WKHPHFKDQLFDOSURSHUWLHV RI WKH(&0 IXUWKHU GLUHFWLQJ FHOO
EHKDYLRXU>@

)RUVXFFHVVIXOWLVVXHUHJHQHUDWLRQVFDIIROGVVKRXOGEHDEOHWRHPXODWHWKH(&0ERWKVSDWLDOO\
DQGWHPSRUDOO\LQRUGHUWRFRQWUROFHOOVXUYLYDOSUROLIHUDWLRQPLJUDWLRQDQGGLIIHUHQWLDWLRQRI
H[LVWLQJDQGLQWURGXFHGFHOOVZLWKWKHXOWLPDWHJRDORISURPRWLQJWLVVXHUHSDLUDQGUHJHQHUDWLRQ




2QHHIIHFWLYHDSSURDFKWRGHVLJQVXFKPDWHULDOVLVE\PROHFXODUVHOIDVVHPEO\DSURFHVVZKLFK
LV XELTXLWRXV LQ QDWXUH >@ WKHUHE\ SURYLGLQJ D WHPSODWH IRU WKH GHVLJQ RI FRPSOH[
QDQRVWUXFWXUHVEDVHGRQVLPSOHLQWHUDFWLRQVDVVHHQLQQDWXUHOHDGLQJWRVLJQLILFDQWDGYDQFHV
LQPROHFXODUHQJLQHHULQJDGYDQFHGELRPDWHULDOVDQGQDQRPDWHULDOV>@

$PRQJVWVXFKELRPDWHULDOV6$3VDUHDSURPLVLQJFDQGLGDWHIRUDSSOLFDWLRQVLQUHJHQHUDWLYH
PHGLFLQH >@ 3HSWLGH K\GURJHOV DUH K\GURSKLOLF KLJKO\ K\GUDWHG ' SRO\PHULF QHWZRUNV
SRO\PHUVWKDWPHFKDQLFDOO\UHVHPEOHDQXPEHURIELRORJLFDOWLVVXHV>@DQGSURYLGHPDQ\
VSHFLILF IHDWXUHV WKURXJK WKH SUHVHQW RI ELRFKHPLFDO DQG ELRPHFKDQLFDO VLJQDOV LQ DPDWUL[
VLPLODU WR WKH H[WUDFHOOXODUPLFURHQYLURQPHQW >@ 7KH XVH RI 6$3V DV EXLOGLQJ EORFNV WR
HQJLQHHUELRIXQFWLRQDOQDQRILEURXVVFDIIROGVKROGVPDQ\DGYDQWDJHVLQFOXGLQJWKHLULQKHUHQW
ELRFRPSDWLELOLW\VLPSOLFLW\ ORZFRVWDQGHDVHRIV\QWKHVLVXVLQJVWDQGDUGSHSWLGHV\QWKHVLV
DSSURDFKHV VXFK DV VROLG SKDVH SHSWLGH V\QWKHVLV 6336 >@ 7KH LQIRUPDWLRQ IRU VHOI
DVVHPEO\LVFRGHGLQWKHDPLQRDFLGVHTXHQFHHQDEOLQJLWWREHWXQHGDQGIRUPDGLYHUVHUDQJH
RI VWUXFWXUDO FKDUDFWHULVWLFV DW WKH QDQRVFDOH OHYHO DOORZLQJ G\QDPLF FRQWURO RI WKH WDUJHW
PDWHULDORUJDQLVDWLRQDQGSURSHUWLHV>@0DQ\W\SHVRIDUFKLWHFWXUHVVXFKDVYHVLFOHVPLFHOOHV
PRQROD\HUV ELOD\HUV ILEUHV ULEERQV DQG WDSHV KDYH EHHQ HQJLQHHUHG E\ 6$3V >@
)XUWKHUPRUH6$3VKDYHDORQJVKHOIOLIHDWURRPWHPSHUDWXUHZKLFKLVQHFHVVDU\IRUWUDQVODWLRQ
WRWKHFOLQLF>@+HUHZHUHYLHZWKHYDULRXVH[LVWLQJ6$3V\VWHPVDQGWKHLUGHYHORSPHQWIRU
XVHLQWLVVXHHQJLQHHULQJ

,QWKLVFKDSWHU,ZLOOUHYLHZWKHSUHYLRXVOLWHUDWXUHVIURPWKHIROORZLQJDVSHFWV)LUVWO\WKHDLP
RIFHOOWKHUDS\ZLOOEHLQWURGXFHG6HFRQGO\WKHFODVVHVRI6$3VZLOOEHSURYLGHG1H[WWKH
PHWKRGRIHQJLQHHULQJ6$3VDQGFRQWUROOLQJ WKHLUPHFKDQLFDOSURSHUWLHVZLOOEHPHQWLRQHG




7KHQWKHDSSURDFKHVRIIXQFWLRQDOLVLQJ6$3VZLOOEHLQWURGXFHG)LQDOO\ERWKin vitroDQGin
vivoDSSOLFDWLRQVRI6$3VZLOOEHUHYLHZHGLQGHWDLO
 &HOO7KHUDS\IRU'LVHDVH6WDWHV
$OWKRXJKWKHERG\KDVDQLQQDWHFDSDELOLW\WRUHJHQHUDWHPDQ\NLQGVRILQMXULHVRUGLVHDVHVFDQ
GHVWUR\ FHOO IXQFWLRQ LQZD\V ERG\ FDQQRW VHOIUHSDLU >@ 2QH RI WKH DLPV RI UHJHQHUDWLYH
PHGLFLQH LV WR UHSODFH RU DXJPHQW WKLV DELOLW\ WR VHOIUHSDLU DQG RQH RI WKHPRVW SURPLVLQJ
SRVVLELOLWLHVLVFHOOWKHUDS\
 $LPRIFHOOWKHUDS\
&HOO WKHUDS\ KDV WKH SRWHQWLDO WR EHFRPH DQ LPSRUWDQWPHWKRG IRU WKH WUHDWPHQW RI KXPDQ
GLVHDVHV ZLWK WKH SXUSRVH RI UHSODFLQJ UHSDLULQJ RU HQKDQFLQJ WKH ELRORJLFDO IXQFWLRQ RI
GDPDJHGWLVVXHVRURUJDQV7RDFKLHYHWKLVLWLVQHFHVVDU\IRUWKHWUDQVSODQWDWLRQRILVRODWHG
DQGFKDUDFWHULVHGFHOOVWRDWDUJHWRUJDQLQFRPSHWHQWQXPEHUDQGTXDOLW\IRUWKHPWRVXUYLYH
ORQJ HQRXJK WR DOORZ IXQFWLRQDO UHFRYHU\ 7KLV WHFKQRORJ\ LV LQWHUGLVFLSOLQDU\ LQYROYLQJ
GLYHUVH DUHDV VXFK DV FHOO ELRORJ\ LPPXQRORJ\ WLVVXH HQJLQHHULQJ PROHFXODU ELRORJ\
PDWHULDOVVFLHQFHDQGWUDQVSODQWDWLRQELRORJ\DQGUHTXLUHVWKHFOLQLFDOH[SHUWLVHUHODWHGWRWKH
GLVHDVHEHLQJWUHDWHG>@

$PRQJPDQ\W\SHVRIFHOOVLGHQWLILHGDVSRWHQWLDOWDUJHWVVWHPFHOOVDUHUHJDUGHGDVWKHPRVW
SURPLVLQJVRXUFHIRUFHOOWKHUDS\>@6WHPFHOOVDUHGHILQHGDVVHOIUHQHZLQJFHOOVWKDWFDQJLYH
ULVHWRSKHQRW\SLFDOO\DQGJHQRW\SLFDOO\LGHQWLFDOGDXJKWHUVDVZHOODVDWOHDVWRQHRWKHUILQDO
FHOOW\SH7KHUHDUHWKUHHGLIIHUHQWVRXUFHVRIVWHPFHOOVHPEU\RQLFVWHPFHOOV(6&VLQGXFHG
SOXULSRWHQWVWHPFHOOVL36&VDQGDGXOWVWHPFHOOV$6&VDQGWKH\KDYHGLIIHUHQWDGYDQWDJHV
$OVRWLVVXHSURJHQLWRUFHOOV73&VKDYHDWHQGHQF\WRGLIIHUHQWLDWHLQWRDVSHFLILFW\SHRIDGXOW




FHOOV MXVW OLNH VWHP FHOOV \HW DUH PRUH UHDGLO\ DYDLODEOH +RZHYHU DOWKRXJK WKH SRWHQWLDO
FOLQLFDODSSOLFDWLRQVRIHDFKW\SHRIWKHVHVWHPFHOOSRSXODWLRQVWKHLUXVHLVFXUUHQWO\LPSHGHG
GXHWRDQXPEHURIIDXOWVJLYHQLQ7DEOH
7DEOH&XUUHQWSURPLVHVDQGOLPLWDWLRQVRIVWHPFHOOSRSXODWLRQV
)HDWXUH (6&V $6&V L36&V 73&V
$UWLILFLDOV\VWHP <HV 1R <HV <HV
3OXULSRWHQW <HV 1R <HV 1R
(IILFLHQWGLIIHUHQWLDWLRQ 1R <HV 1R 1R
([SDQVLRQLQFXOWXUH <HV 1R <HV <HV
5DUHFHOOW\SH 1R <HV <HV 1R
,PPXQHFRPSDWLEOH 1R 1R <HV <HV
 5ROHRIH[WUDFHOOXODUPDWUL[IRUFHOOWKHUDS\
(&0LVDVHOIDVVHPEOHGLQWHUORFNLQJ'VWUXFWXUHFRPSULVLQJELRPROHFXOHVZKLFKFRQVWLWXWHV
WKHFHOOXODUPLFURHQYLURQPHQW,WLVDVFDIIROGFRPSRVHGRIDG\QDPLFDQGWLVVXHVSHFLILFUDQJH
RI VLJQDOOLQJPROHFXOHV VXFKDVJO\FRSURWHLQV FROODJHQV ODPLQLQVJO\FRVDPLQRJO\FDQVDQG
3*V>@XQGHUSLQQLQJWKHVHDUHILEURXVVWUXFWXUDOSURWHLQVVXFKDVILEURQHFWLQDQGFROODJHQ
7KLVVWUXFWXUHSURYLGHVWKHEXONFKHPLFDOLQIRUPDWLRQVKDSHDQGVWUHQJWKRIPDQ\WLVVXHVin
vivo >@

7KH (&0 PDQDJHV WKH FHOO EHKDYLRXU SRODULW\ PLJUDWLRQ VXUYLYDO GLIIHUHQWLDWLRQ DQG
SUROLIHUDWLRQE\LQWHUDFWLQJZLWKWKHLQWUDFHOOXODUF\WRVNHOHWRQDQGWUDQVPLVVLRQRIJURZWKIDFWRU
VLJQDOV>@3*VILOO WKHLQWHUVWLWLDOYRLGVRIWKHEDFNERQHDQGDUHXELTXLWRXVLQDOO W\SHVRI
(&0V7KH\SOD\ LPSRUWDQWELRIXQFWLRQV VXFKDV DWWUDFWLQJZDWHU WRNHHS(&0VDQGFHOOV
K\GUDWHGWUDSSLQJDQGLVRODWLQJJURZWKIDFWRUVVHJUHJDWLQJWLVVXHVDQGUHJXODWLQJLQWHUFHOOXODU




FRPPXQLFDWLRQV,QWHJULQVDUHDIDPLO\RI WUDQVPHPEUDQHUHFHSWRUVRQWKHFHOOVXUIDFHWKDW
PHGLDWHWKHDWWDFKPHQWEHWZHHQDFHOODQGLWVVXUURXQGLQJV,QWHUDFWLRQVEHWZHHQWKH3*DQG
LQWHJULQDUHWKHPDMRU(&0DGKHVLRQSDWKZD\WKDWFRRUGLQDWHVLJQDOOLQJFHOOXODURXWFRPHV
DQGFRQVHTXHQWO\WKHFHOOIDWHV>@&HOOVFDQµVHQVH¶WKHPHFKDQLFDOSURSHUWLHVRIWKH(&0V
E\ ELQGLQJ HYHQWV EHWZHHQ LQWHJULQV RQ WKH FHOO VXUIDFH DQG FRPELQLQJPRWLIV RI WKH(&0
SURWHLQV >@ )RU VXFFHVVIXO WLVVXH UHJHQHUDWLRQ LW LV QHFHVVDU\ WR SURYLGH D '
PLFURHQYLURQPHQWZKLFKLVDQDORJRXVWRWKHQDWLYH(&06FDIIROGVVKRXOGEHDEOHWRLPLWDWH
WKLVSURWRW\SLFDOPDWUL[RQPXOWLSOHOHQJWKVFDOHVDQGDOORZFHOOJURZWKZKHQSURPRWLQJUHSDLU
DQGWLVVXHUHJHQHUDWLRQ)LJXUH'XHWR(&0FRPSRVLWLRQGLIIHUHQFLQJEHWZHHQWLVVXHVLQ
WKHERG\XQGHUVWDQGLQJWKHXQGHUO\LQJFRPSRVLWLRQRI(&0VLVKHOSLQJXVWRUHSURGXFHQDWLYH
(&0XVLQJELRPDWHULDOV
  
)LJXUH,OOXVWUDWHRIQHXWURSKLOVEHLQJHQJDJHGWRWKHORFDWLRQRIDZRXQGLQWKHHSLWKHOLXP$
7KH QDWXUDO (&0 LV D W\SLFDO K\GURJHOZKLFK FDQPDQDJH FHOO IXQFWLRQ RQ GLIIHUHQW OHQJWK VFDOHV
,QWHJULQFRQQHFWHGZLWK(&0SURWHLQV JUHHQ OLJDQGVDQG WDQ UHFHSWRUVJURZWK IDFWRUVHSDUDWHGE\
3*VUHGDQGFHOO±FHOOFRPPXQLFDWLRQviaFDGKHULQSXUSOHRFFXURQWKHVFDOHRIWHQVRIQDQRPHWHUV
WRPLFURQV %0LJUDWLRQZKLFK LV QHFHVVDU\ LQ WLVVXH UHSDLU etc. LQLWLDWHV RQ WKH VFDOH RI WHQV WR
KXQGUHGV RI PLFURQV 3DUDFULQH VLJQDOOLQJ WKDW FRQWUROV GLIIHUHQWLDWLRQ SLQN JURZWK IDFWRUV DQG
SUROLIHUDWLRQUHGJURZWKIDFWRUVLVDOVRLQWHUFHGHGRQWKLVOHQJWKVFDOH&7LVVXHKRPHRVWDVLVJURZWK
DQGZRXQGKHDOLQJDUHPHGLDWHGIURPKXQGUHGVRIPLFURQVWRFHQWLPHWUHV
 7KUHHGLPHQVLRQDOFHOOFXOWXUHDVDQH[WUDFHOOXODUPDWUL[PLPLF
7KHUHLVDQLQFUHDVLQJQHHGIRUWKHGHYHORSPHQWRIFHOOFXOWXUHDSSURDFKHVin vitroWRDOORZ
WKHUHVHDUFKRIFHOODQGWLVVXHSK\VLRORJ\in vivo>@7UDGLWLRQDOO\WZRGLPHQVLRQDO'FHOO
FXOWXUHEURXJKW LQQRYDWLYHGHYHORSPHQWV LQ WKHG\QDPLFUHODWLRQVKLSEHWZHHQFHOO IXQFWLRQV
DQGFRPPXQLFDWLRQVZLWKWKHHQYLURQPHQW LWKDVEHHQZLGHO\XVHGDVWKHJROGVWDQGDUGIRU




WLVVXH FXOWXUH0DWHULDOV VXFKDVSRO\VW\UHQH WLVVXH FXOWXUHSODVWLFRU WLVVXH DQDORJXHVKDYH
SURYLGHGDQLQVLJKWWRFRPSOH[ELRORJLFDOSKHQRPHQD>@

+RZHYHULWKDVVKRZQWKDWWKHFHOOXODUPLFURHQYLURQPHQWPDNHVFRQWULEXWLRQVWRWKHVSDWLDOO\
DQGWHPSRUDOO\FRPSOH[VLJQDOOLQJGRPDLQWKDWFRQWUROFHOOSKHQRW\SH,GHDOO\FHOOVVKRXOGEH
HYDOXDWHG LQ WKH ' VFDIIROG RI (&0 ZLWK VROXEOH JURZWK IDFWRUV etc DQG RWKHU VPDOO
PROHFXOHVWKDWGHILQHWKHIXQFWLRQDQGIRUPDWLRQRIRUJDQLVPSDWWHUQFRUUHFWO\7KHGLIIHUHQFHV
LQFHOOEHKDYLRXURIJHQHH[SUHVVLRQDQGFHOOPLJUDWLRQKDYHEHHQREVHUYHGEHWZHHQ'DQG
'FHOOFXOWXUH>@'XHWR'FHOOFXOWXUHSRODULVHVFHOOVVRRQO\DSDUWRIWKHFHOO¶VPHPEUDQH
FRQWDFWVZLWK(&0DQGDGMDFHQWFHOOVZKLOHWKHUHPDLQGHULVH[SRVHGWRWKHEXONPHGLD7KLV
ZLOOOHDGWRXQQDWXUDOSRODULVHGLQWHJULQELQGLQJDQGPHFKDQRWUDQVGXFWLRQDQGZLOODOVRDIIHFW
LQWUDFHOOXODUVLJQDOOLQJDQGSKHQRW\SLFIDWH>@0RUSKRORJ\DORQHLVDOVRDIIHFWHGE\VXEWOH
FHOOXODUSURFHVVHVVXFKDVSUROLIHUDWLRQGLIIHUHQWLDWLRQJHQHH[SUHVVLRQDQGDSRSWRVLV>@)RU
H[DPSOH3HWHUVHQet al.>@UHSRUWHGWKDWKXPDQEUHDVWHSLWKHOLDOFHOOVVHHPHGOLNHWXPRXU
FHOOVDIWHUFXOWXULQJLQ'FHOOFXOWXUHEXWZRXOGUHJDLQQRUPDOJURZWKEHKDYLRXUZKHQFXOWXUHG
LQ'PLFURHQYLURQPHQW$OVRHPEU\RQLFVWHPFHOOVDVREVHUYHGWRERRVWWKHLUFKRQGURJHQHVLV
ZKHQFXOWXUHGLQ'HPEU\RLGERGLHVDVFRPSDUHGWR'FHOOFXOWXUH>@$VDOPRVWDOOWKH
QDWLYH (&0V DUH ' VWUXFWXUHV LQ RUGHU WR SURSHUO\ UHVHDUFK FHOO SK\VLRORJ\ DQG WLVVXH
PRUSKRJHQHVLVin vitroFHOOVVKRXOGEHFXOWXUHGLQ'PLFURHQYLURQPHQWVWKDWSRVVHVVFUXFLDO
PHFKDQLFDODQGELRFKHPLFDOLPSOLFDWLRQVFRQVLVWLQWKHQDWXUDO(&0IRUFRUUHFWVWLPXODWLRQRI
KLHUDUFKLFDOSURFHVVHVVXFKDVPLJUDWLRQSUROLIHUDWLRQDQGWLVVXHHQJLQHHULQJ
 6HOIDVVHPEOLQJSHSWLGHK\GURJHOXVHGIRUFHOOWKHUDS\
3HSWLGHV DUH YHUVDWLOHPROHFXODU EXLOGLQJ EORFNV EHFDXVH WKH\ FDQ EH HDVLO\ V\QWKHVLVHG E\
VWDQGDUGSHSWLGHV\QWKHVLVDSSURDFKHV VXFKDV6336DQGKDYHQREDWFKWREDWFKYDULDELOLW\




0RVW LPSRUWDQWO\ WKH\DUH LQKHUHQWO\ELRFRPSDWLEOH DQGELRGHJUDGDEOH DQG WKHLU VWUXFWXUDO
IROGLQJDQGVWDELOLW\KDYHDOUHDG\EHHQH[WHQVLYHO\LQYHVWLJDWHG7KH\DOVRKDYHDORQJVKHOI
OLIHXQGHUURRPWHPSHUDWXUHZKLFKLVQHFHVVDU\IRUWUDQVODWLRQWRWKHFOLQLF,QDGGLWLRQ6$3V
PDGHE\IDFLOHV\QWKHVLVFRPELQHGZLWKELRORJLFDOO\UHOHYDQWPROHFXOHVGRQRWKDYHWKHLVVXH
RI XQNQRZQ FRQWDPLQDWLRQ etc RI DQLPDO GHULYHGPDWHULDOV >@ 3HSWLGH VHOIDVVHPEO\ LV
KLJKO\ VSHFLILF JRYHUQHG E\ LQWHUPROHFXODU LQWHUDFWLRQV DQG QRQFRYDOHQW ERQGV VXFK DV
HOHFWURVWDWLFLQWHUDFWLRQVK\GURSKRELFIRUFHYDQGHU:DDOVDQGK\GURJHQERQGVDVZHOODV
DURPDWLFʌVWDFNLQJ,QDGGLWLRQWKHLQIRUPDWLRQIRUVHOIDVVHPEO\LVFRGHGLQWKHDPLQRDFLG
VHTXHQFHZKLFKHQDEOHVLWWRWXQHDQGIRUPDGLYHUVHUDQJHRIVWUXFWXUDOFKDUDFWHULVWLFVDWWKH
QDQRVFDOHOHYHO>@

3HSWLGH K\GURJHOV DUH K\GURSKLOLF KLJKO\ K\GUDWHG ' SRO\PHULF QHWZRUNV SRO\PHUV
PHFKDQLFDOO\UHVHPEOHDQXPEHURIELRORJLFDOWLVVXHV>@+\GURJHOVGHULYHGIURPSHSWLGHV
DQG WKHLU GHULYDWLYHV SUHVHQW PDQ\ VSHFLILF IHDWXUHV WR WKH LQWUDFRUSRUDO FHOOXODU
PLFURHQYLURQPHQW >@ 7KHVH FKDUDFWHULVWLFV UHQGHU 6$3V DV VXLWDEOH EXLOGLQJ EORFNV IRU
IRUPXODWLQJELRDFWLYHK\GURJHOVWKDWFDQPLPLFWKHVWUXFWXUHDQGIXQFWLRQRIWKHQDWLYH(&0
7KHVXSUDPROHFXODUPDWULFHVIRUPHGE\6$3VDUHELRDFWLYHWKURXJKWKHSUHVHQWRIELRFKHPLFDO
DQGELRPHFKDQLFDOVLJQDOVLQDPDWUL[VLPLODUWRWKHQDWLYH(&0WKH\FDQSURYLGHDVWDEOH'
PLFURHQYLURQPHQWZKLFKLVQHFHVVDU\WRLPLWDWHWKHIHDWXUHVRIWKH(&0LQPRUSKRORJLFDQG
VSDWLDO7KH\DOVRHQKDQFHWKHFRQWDFWZLWKHQGRJHQRXVFHOOVDQGWKHQDWLYH(&0>@7KHVH
SURSHUWLHVPDNHWKHVFDIIROGE\XVLQJWKHLUFKHPLFDODQGSK\VLFDOELRLQVSLUHGPRWLIVLQIOXHQFH
FHOOVLJQDOOLQJPDNLQJWKHPLGHDOIRUSURYLGLQJVWUXFWXUDODQGFKHPLFDOVXSSRUWLQDFHOOXODU
V\VWHP>@)XUWKHUPRUH7KHVFDIIROGVRISHSWLGHKDYHWKHDELOLW\WRFRQWUROLQIODPPDWLRQDQG
DYRLGVFDUIRUPDWLRQ>@




 &ODVVHVRI6HOI$VVHPEOLQJ3HSWLGHV
3URWHLQV DUHPDFURPROHFXOHV FRQVLVWLQJ RI D JHQHWLFDOO\ HQFRGHG VHTXHQFH RI DPLQR DFLGV
OLQNHGWRJHWKHULQWRDSRO\SHSWLGHFKDLQ7KHUHDUHQDWXUDODPLQRDFLGVXVHGDVDWRROER[LQ
QDWXUH HDFK SURYLGLQJ D GLIIHUHQW FKHPLVWU\ via FKDQJHV LQ VLGH FKDLQ IXQFWLRQDO JURXSV
6WUXFWXUDOO\WKHVHDPLQRDFLGVSURYLGHDUDQJHRIQRQFRYDOHQWLQWHUPROHFXODUIRUFHVLQFOXGLQJ
K\GURJHQERQGLQJK\GURSKRELFLQWHUDFWLRQVLRQLFERQGVHOHFWURVWDWLFLQWHUDFWLRQVʌVWDFNLQJ
YDQGHU:DDOV LQWHUDFWLRQVDQG WKH IRUPDWLRQRIFRYDOHQWGLVXOSKLGHEULGJHV >@$OWKRXJK
LQGLYLGXDOO\ WKHVH IRUFHVDUHTXLWHZHDN FROOHFWLYHO\ WKH\JLYH ULVH WR VWDEOH VHFRQGDU\DQG
WHUWLDU\SURWHLQVWUXFWXUHV

5HVHDUFKHUVKDYHWDNHQWKHVHVHTXHQFHVDQGXVHGWKHVWUXFWXUHVWKH\IRUPWRGULYHWKHIRUPDWLRQ
RIPDWHULDOV*HQHUDOO\VSHDNLQJWKHUHDUHWZRFDWHJRULHVRI6$3V\VWHPVQDWXUDODQGQRQ
QDWXUDO1DWXUDO6$3V\VWHPVIRUPĮKHOLFHVFRLOHGFRLOVȕVKHHWVDQGȕKDLUSLQVWKURXJKWKH
XWLOLVDWLRQRIEDVLFFRQIRUPDWLRQDOXQLWVRIQDWXUDOO\H[LVWLQJSURWHLQV,QFRQWUDVWQRQQDWXUDO
6$3 V\VWHPV LQYROYH WKH FRYDOHQW OLQNLQJ RI D VHTXHQFH RI DPLQR DFLGV WR DQRWKHU VHPL
V\QWKHWLF PROHFXOH VXFK DV DQ DON\O FKDLQ RU DURPDWLF JURXS WR VWDELOLVH WKH IRUPDWLRQ RI
QDQRILEUHVviaQRQFRYDOHQWLQWHUDFWLRQV>@
 1DWXUDOVHOIDVVHPEOLQJSHSWLGHV
 Į+HOLFHVFRLOHGFRLOV
7KHĮKHOLFDOFRLOLVDYHUVDWLOHUHSHDWLQJPRWLIIRXQGLQSURWHLQV>@,WLVDFRPPRQVHFRQGDU\
VWUXFWXUHRISURWHLQVDQGXVXDOO\WDNHVWKHIRUPRIDULJKWKDQGHGFRLORUVSLUDOFRQIRUPDWLRQLQ
ZKLFK HYHU\ & 2 JURXS UHVLGXH Q RI WKH SHSWLGH EDFNERQH LV K\GURJHQERQGHG WR WKH
EDFNERQHDPLGHK\GURJHQRIWKHIRXUWKUHVLGXHIXUWKHUWRZDUGVWKH&WHUPLQXVUHVLGXHQ




7KHSULPDU\KHOL[KHOL[LQWHUDFWLRQVFDQIRUPKLJKHURUGHUVWUXFWXUHVDQGWKLFNHQHGILEUHVWKDW
KDYH EHHQ IRXQG LQ D YDULHW\ RI QDWXUDO FRLOHGFRLO SURWHLQV :RROIVRQ DQG FROOHDJXHV
HQJLQHHUHGVHOIDVVHPEOLQJILEUHVWKDWIRUPHGĮKHOLFDOFRLOHGFRLOV>@7KHVHILEUHVZHUH
GHYHORSHGXVLQJWZRFRPSOHPHQWDU\UHVLGXHSHSWLGHVFRQWDLQLQJDKHSWDGVHTXHQFHUHSHDW
LQ WKHVHOIDVVHPEOLQJ ILEUHV³DEFGHIJ´ ,VROHXFLQHDQG OHXFLQHZHUH ORFDWHG LQ WKHDDQGG
SRVLWLRQV UHVSHFWLYHO\ >@ 7KH RYHUDOO VWUXFWXUH LV DPSKLSDWKLF DQG ROLJRPHULVHV WKURXJK
K\GURSKRELFLQWHUDFWLRQV*HODWLRQRIWKLVV\VWHPFDQEHFRQWUROOHGE\LQGXFLQJILEUHIRUPDWLRQ
WKURXJKWKHFRQWUROOHGPL[LQJRIWKHFRPSOHPHQWDU\FRPSRQHQWVUHVXOWLQJLQILEUHVWKDWDUHD
KLJKO\ RUGHUHG SUHFLSLWDWH IRUPHG IURP VROXWLRQ )RU WKH IRUPDWLRQ RI K\GURJHODWLQJ VHOI
DVVHPEOHGILEUHVZLWK!ZDWHUFRQWHQWWKHSHSWLGHVHTXHQFHVDUHHQJLQHHUHGE\DOWHULQJ
WKHEFDQGIVLWHVWRDODQLQHLQRUGHUWRHQKDQFHZHDNK\GURSKRELFLQWHUDFWLRQVEHWZHHQILEULOV
RUJOXWDPLQHWRSURPRWHK\GURJHQERQGLQJ7KURXJKWKLVPHFKDQLVPVPDOOHUPRUHIOH[LEOH
EXQGOHVRIWKLQQHUILEUHVWKDWXQGHUSLQWKHVSDQQLQJQHWZRUNVZHUHIRUPHG>@
 ȕ6KHHWV
ȕ6KHHWVDUHFRPSRVHGRIȕVWUDQGVWKDWFRQWDLQPXOWLSOHSHSWLGHFKDLQVWRSURYLGHH[WHQGHG
EDFNERQH DUUDQJHPHQWV WKDW DOORZ K\GURJHQ ERQGLQJ EHWZHHQ WKH EDFNERQH DPLGHV DQG
FDUERQ\OV$ȕVWUDQGLVDVWUHWFKRISHSWLGHFKDLQWKDWW\SLFDOO\FRQVLVWVRIDPLQRDFLGV
ZLWK WKH EDFNERQH LQ DQ DOPRVW IXOO\ H[WHQGHG FRQIRUPDWLRQ ,Q QDWXUH ȕVKHHWV KDYH WZR
DUUDQJHPHQWV LQ SDUDOOHOZKHUH DPLQR DFLG FKDLQV DUH DUUDQJHG IURP WKH1WHUPLQDO WR&
WHUPLQDORUDQWLSDUDOOHOSDWWHUQVZKHUHWKHFKDLQV1DQG&WHUPLQDODUHLQUHYHUVHGLUHFWLRQ
)LJXUH $ 7KH UHVXOWLQJ SDWWHUQ SURGXFHV VWURQJ LQWHUVWUDQG VWDELOLW\ WKURXJK SODQDU
K\GURJHQ ERQGV EHWZHHQ FDUERQ\OV DQG DPLQHV >@7KLV EDVLFPRWLI UHVXOWV LQ DOWHUQDWLQJ
K\GURSKRELF DQG K\GURSKLOLF UHVLGXHV VR WKDW WKH VKHHW KDV WZR IDFHV K\GURSKRELF DQG




K\GURSKLOLF7KLVDOORZVWKHȕVKHHWV WRFRPHWRJHWKHUDQGFRQFHDO WKHK\GURSKRELFVXUIDFH
IURPVXUURXQGLQJZDWHUPROHFXOHV

7KHPDMRUFKDOOHQJHRIHQJLQHHULQJDVHOIDVVHPEOLQJILEURXVV\VWHPLVWRFRQWUROWKHDVVHPEO\
FRQGLWLRQV LQ RUGHU WR IRUP FRQVLVWHQW UHSURGXFLEOH VWUXFWXUHV $ YDULHW\ RI KLHUDUFKLFDO
VWUXFWXUHVFDQEHIRUPHGIURPȕVKHHWSHSWLGHVVXFKDVWDSHVULEERQVILEULOVDQGILEUHV>@
7KHVHGLIIHUHQWVWUXFWXUHVDUHGHWHUPLQHGE\WKHSHSWLGHDQGVDOWFRQFHQWUDWLRQVZLWKKLJKHU
OHYHODVVHPEOLHVIRUPHGDVWKHSHSWLGHFRQFHQWUDWLRQLVLQFUHDVHG,Q=KDQJet al.ILUVW

)LJXUH)RUPDWLRQRIVWUXFWXUHXVLQJVHOIDVVHPEOLQJSHSWLGHPRWLIV $7KHVWUXFWXUHRI L
SDUDOOHO DQG LL DQWLSDUDOOHOȕVKHHWV >@ % L7KHVHOIDVVHPEO\RI0$;DQG0$;via Dȕ
KDLUSLQ PHFKDQLVP LL 7KH SHSWLGH VHTXHQFHV RI 0$; DQG 0$; >@ & L 6FKHPDWLF
UHSUHVHQWDWLRQRIDSHSWLGHDPSKLSKLOHLL'UHSUHVHQWDWLRQRIWKHUHJLRQVRID3$QDQRILEUH5HJLRQ
D LV WKH K\GURSKRELF FRUH FRPSRVHG RI DOLSKDWLF WDLOV5HJLRQ E LV WKH FULWLFDO ȕVKHHW K\GURJHQ
ERQGLQJSDUWRIWKHSHSWLGHDQGFRQVLVWVRIIRXUDPLQRDFLGV5HJLRQFLVWKHSHULSKHUDOSHSWLGHUHJLRQ
ZKLFK LV QRW FRQVWUDLQHG WR D SDUWLFXODU K\GURJHO ERQGLQJ PRWLI DQG IRUPV WKH LQWHUIDFH ZLWK WKH
HQYLURQPHQW>@'L7KHPROHFXODUVWUXFWXUHRI)PRF))ZLWKWKHIRUPDWLRQRIȕVKHHWSDWWHUQLL
)PRFJURXSVXQGHUJRʌVWDFNLQJWRFUHDWHDEDFNERQHLLL7XEHVDUHIRUPHGviaWKHFXUYHRIWKHSHSWLGH
VHTXHQFHF\OLQGULFDOVWUXFWXUHWRSYLHZLY7KHDVVHPEO\IRUPVORQJVWDFNVUHVXOWLQJLQWKHILEULOODU
IRUPDWLRQ2UDQJHIOXRUHQ\OJURXSVSXUSOHSKHQ\OJURXSV>@




IRXQG WKDW WKH =XRWLQ SURWHLQ IURP \HDVW DGRSWHG ȕVKHHW VWUXFWXUH E\ QDWXUH RI VHOI
FRPSOHPHQWDU\ LRQLF LQWHUDFWLRQVDQG OHG WR WKH IRUPDWLRQRIQDQRILEUHVQDPLQJ LW($.
$($($.$.$($($.$.IRULWVDPLQRDFLGFRPSRVLWLRQ>@%DVHGRQWKLVGHVLJQVLPLODU
SHSWLGHVZHUHHQJLQHHUHGWRIRUP'QDQRILEURXVVHOIDVVHPEOLQJVFDIIROGVVXFKDV5$'$
$FWH\O5$5$'$'$$5$5$'$'$&21+FRQVLVWLQJRIDQDOWHUQDWLQJK\GURSKRELFDQG
K\GURSKLOLF DPLQR DFLG VHTXHQFH WKDW IRUPV D VWDEOH ȕVKHHW VWUXFWXUH 0RUH UHFHQWO\ WKH
RFWDSHSWLGH )()().). ZDV HQJLQHHUHG WR VHOIDVVHPEOHG EDVHG RQ WKH VDPH LRQLF
FRPSOHPHQWDU\ LQWHUDFWLRQV >@ 7KH DOWHUQDWLRQ RI QRQSRODU K\GURSKRELF DQG SRODU
K\GURSKLOLF UHVLGXHV IRUPHG WUDQVSDUHQW DQG VHOIVXSSRUWLQJ K\GURJHOV E\ LQFUHDVLQJ WKH
WHPSHUDWXUH WR& LQRUGHU WRGLVVROYH WKHSHSWLGHDQGWKHQFRROLQJ WKHVROXWLRQ WR URRP
WHPSHUDWXUHWRIRUPDK\GURJHOULFKLQȕVKHHWQDQRILEUHV7KHFULWLFDOJHODWLRQFRQFHQWUDWLRQ
ZDVPJP/DQGWKHJHOZDVIRUPHGZLWKLQPLQXWH>@7KHGLVDGYDQWDJHRIVXFK6$3
V\VWHPV KRZHYHU LV WKH OHQJWK RI WKH SHSWLGH VHTXHQFH !  DPLQR DFLGV LQFUHDVLQJ
FRPSOH[LW\WRWKHV\QWKHVLVSURFHVVUHVXOWLQJLQLQFUHDVHGFRVWDQGUHGXFWLRQLQSXULW\
 ȕ+DLUSLQV
7KHȕKDLUSLQVWUXFWXUHFRQVLVWVRIWZRVKRUWȕVWUDQGVFRQQHFWHGE\DVKRUWORRSRIWZRWRILYH
DPLQRDFLGV7KHȕVWUDQGVDUHDGMDFHQWLQSULPDU\VWUXFWXUHRULHQWHGLQDQDQWLSDUDOOHOGLUHFWLRQ
7ZR DPLQRDFLGSHSWLGHV 0$; DQG 0$; KDYH EHHQ GHVLJQHG ERWK RI ZKLFK FDQ
XQGHUJRJHODWLRQLQLWLDWHGE\'XOEHFFR¶V0RGLILHG(DJOH0HGLXP'0(0FHOOFXOWXUHPHGLD
>@)LJXUH%'XHWRDFKDQJHLQRYHUDOOSHSWLGHFKDUJHWKHJHODWLRQVSHHGRI0$;
XQGHUSK\VLRORJLFDOFRQGLWLRQVLVIDVWHUWKDQWKHRULJLQDO0$;VHTXHQFHZKLFKLVLPSRUWDQW
IRUGHVLUHGKRPRJHQHRXV'FHOOHQFDSVXODWLRQDQGLQMHFWDEOHGHOLYHU\RIFHOOVin vivo>@




 6HPLV\QWKHWLFVHOIDVVHPEOLQJSHSWLGHV
 3HSWLGHDPSKLSKLOHV
$FKDUDFWHULVWLFSURSHUW\RISHSWLGHDPSKLSKLOHV3$VLVWKDWWKHVXEXQLWFRQVLVWVRIDSRO\PHU
OLQNHG WR D SHSWLGH 7KLV SURYLGHV D K\GURSKRELF DOLSKDWLF WDLO RI D WXQHDEOH OHQJWK DQG D
K\GURSKLOLFSHSWLGHVHTXHQFHFRQQHFWHGWRWKDWWDLOWKURXJKDQDPLGHERQG7KHK\GURSKRELF
WDLOLVXVXDOO\FDUERQDON\OVXEXQLWVORQJ8SRQDSSOLFDWLRQRIDWULJJHUVXFKDVDFKDQJH
LQS+RU LRQLFVWUHQJWK WKHVH3$PROHFXOHVFDQVHOIDVVHPEOH LQWRYDULRXVVXSUDPROHFXODU
VWUXFWXUHVLQFOXGLQJQDQRWDSHV>@ULEERQV>@ILEUHV>@DQGWZLVWHGULEERQV>@7KH
IRUPDWLRQRIQDQRILEUHVDULVHZKHQWKHDON\OJURXSIRUPVDK\GURSKLOLFFRUHDQGWKHIRXUDPLQR
DFLGVDGMDFHQWWRWKHDON\OJURXSIRUPVWDEOHȕVKHHWVWUXFWXUHV>@7KHUHPDLQGHURIWKH
DPLQRDFLGVGLVSOD\HGRQWKHSHULSKHU\SURYLGHWKHSRWHQWLDOIRUWKHSUHVHQWDWLRQRIELRDFWLYH
SHSWLGH VHTXHQFHV DW KLJK GHQVLW\ )LJXUH & WKDW FDQ DFW DV ELRFKHPLFDO FXHV IRU FHOO
VXSSRUWDQGGLUHFWLRQRIFHOOIDWH>@+RZHYHUWKHVH3$VDUHV\QWKHWLFDOO\FRPSOH[WKHKLJK
FRVWIRUV\QWKHVLVOLPLWLQJWKHLUSRWHQWLDOIRUODUJHVFDOHSURGXFWLRQ
 /LSLGOLNHSHSWLGHV
5HFHQWO\+DXVHU DQG FROOHDJXHVKDYH VKRZQDQHZ W\SHRI DOLSKDWLF SHSWLGH WKDW FDQ VHOI
DVVHPEOHLQWRKHOLFDOILEUHVLQVXSUDPROHFXODUVWUXFWXUHV7KHVSHFLILFVHTXHQFHRIWKHQRYHO
SHSWLGHV FRQWDLQ DOLSKDWLF DPLQR DFLGV ZLWK GHFUHDVLQJ K\GURSKRELFLW\ FDSSHG ZLWK D
K\GURSKLOLFKHDGJURXSVXFKDV$FHW\O$,9$*'>@,PSRUWDQWO\WKHDVVHPEO\SURFHVVRI
WKHVHPLQLPDOLVWSHSWLGHVFKDQJH IURPUDQGRPFRLO WRĮKHOLFDO LQWHUPHGLDWHVDQG ILQDOO\ WR
FURVVȕVSLQV$IWHUWKLVWKHSHSWLGHSDLUVDVVHPEOHGLQWRILEUHVDQGWKHFRQGHQVDWLRQRIILEUHV
IRUPVDK\GURJHO7KHUHVXOWLQJ'K\GURJHOVFDIIROGZDVDEOHWRHQWUDSXSWRZDWHUDQG




UHVHPEOHFROODJHQILEUHVLQWKH(&0>@7KH\ZHUHDOVRIRXQGWREHKHDWUHVLVWDQWXSWR
&DQGKDYHKLJKDQGWXQDEOHPHFKDQLFDOVWUHQJWK
 $URPDWLFDOO\FDSSHGSHSWLGHGHULYDWLYHV
$PLQRDFLGVFRQWDLQLQJDURPDWLFVLGHFKDLQVKDYHNH\UROHVLQWKHVHOIDVVHPEO\SURFHVVE\
IRUPLQJʌʌVWDFNV>@0XFKUHVHDUFKKDVWKHUHIRUHEHHQIRFXVHGRQ)PRFSURWHFWHGSHSWLGHV
DVWKH1WHUPLQDOO\SURWHFWLQJ)PRFJURXSFDQGULYHVHOIDVVHPEO\RIVKRUWSHSWLGHVHTXHQFHV
LQWR QDQRILEULOV WKURXJK ʌʌ VWDFNLQJ RI WKH )PRF DURPDWLF PRLHWLHV > @ 3UHYLRXV
UHVHDUFK KDV VKRZQ WKDW GLSKHQ\ODODQLQH )) FDQ IRUP ZHOORUGHUHG KROORZ WXEXODU DQG
HORQJDWHGQDQRILEUHVLQRUJDQLFVROYHQWV>@EXWFDQQRWIRUPVXSUDPROHFXODUVWUXFWXUHV
XQGHUELRORJLFDOFRQGLWLRQVZLWKRXWWKHXVHRIDQLQRUJDQLFVROYHQW7KURXJKWKHLQWURGXFWLRQ
RIDURPDWLFFDSSLQJUHVLGXHVVXFKDVWKH)PRFJURXSWKLVFODVVRI6$3VFDQVSRQWDQHRXVO\
IRUPVXSUDPROHFXODUVWUXFWXUHVXVLQJDS+VZLWFKPHWKRG>@8OLMQDQGFRZRUNHUVLGHQWLILHG
WKHVHOIDVVHPEO\PHFKDQLVPZKHUHE\WKHVH)PRFSHSWLGHGHULYDWLYHVIRUPȕVKHHWVEHWZHHQ
WKHSHQGDQWSHSWLGHUHVXOWLQJLQH[SUHVVLRQRIWKHDPLQRDFLGVLGHFKDLQVRQWKHVXUIDFHWKURXJK
ZKDWLVNQRZQDVʌȕLQWHUDFWLRQV)LJXUH'>@7KHDURPDWLFJURXSVLQWKH)PRFPRLHW\
VKDUHHOHFWURQVWRIRUPʌʌLQWHUDFWLRQVLQWHUORFNLQJWKHSHSWLGHGHULYDWLYHV7KHSHSWLGHFKDLQV
DUH WKHQEURXJKW LQWRFORVHSUR[LPLW\DOORZLQJWKHPWR LQWHUDFWZLWKHDFKRWKHU WKURXJK WKH
VHFRQGDU\SURWHLQVWUXFWXUHȕVKHHWV7KHFRPELQDWLRQRIVHYHUDORIWKHVHDVVHPEOLHVUHVXOWVLQ
WKH IRUPDWLRQ RI LQGLYLGXDO QDQRILEUHV >@ %XQGOHV RI WKHVH QDQRILEUHV LQWHUDFW WKURXJK
VXSUDPROHFXODURUGHULQJWRLQGXFHWKHIRUPDWLRQRIDKLJKO\EUDQFKHGQDQRILEURXVQHWZRUNWKDW
SUHVHQWV DV D PDFURVFDOH K\GURJHO ,PSRUWDQWO\ WKH DPLQR DFLG VLGH FKDLQV RI WKH SHSWLGH
VHTXHQFHVORFDWHGRQWKHVXUIDFHRIWKHQDQRILEUHVFDQSURYLGHVXUIDFHELRIXQFWLRQDOLW\WKURXJK
LQWHUDFWLRQVZLWKFHOOVXUIDFHUHFHSWRUV>@




 )DEULFDWLRQ DQG &RQWURO RI 0HFKDQLFDO 3URSHUWLHV RI 6HOI
$VVHPEOLQJ3HSWLGH6FDIIROG
:KHQ GHVLJQLQJ D QHZ 6$3 IRU ELRORJLFDO DSSOLFDWLRQV IDFWRUV WKDW PD\ LQIOXHQFH FHOO
EHKDYLRXUPXVWEHFRQVLGHUHG,WKDVEHHQVKRZQWKDWWKHPDWUL[VWLIIQHVVKDVVLJQLILFDQWHIIHFWV
RQFHOOIDWHVDQGEHKDYLRXUVLQFOXGLQJFHOOPLJUDWLRQSUROLIHUDWLRQDQGVXUYLYDO)LJXUH
>@)RUH[DPSOHPHVHQFK\PDOVWHPFHOOVFDQEHGLUHFWHGWRGLIIHUHQWLDWH LQWRYDULRXVFHOO
W\SHV QHXURJHQLFP\RJHQLF RU RVWHRJHQLF EDVHG RQ WKHPHFKDQLFDO SURSHUWLHV RI WKH FHOO
FXOWXUHVFDIIROG>@7KLVGHPRQVWUDWHVWKHLPSRUWDQFHRIELRPHFKDQLFDOFXHVDQGKRZWKH\
FDQDIIHFWFHOOEHKDYLRXUZLWKPDWUL[HODVWLFLW\GLUHFWLQJVWHPFHOOOLQHDJHVSHFLILFDWLRQ>@
$V VXFK WKH HQJLQHHULQJ DQG GHVLJQ RI K\GURJHO VFDIIROGVZLWK WLVVXH VSHFLILFPHFKDQLFDO
SURSHUWLHVLVLPSRUWDQWERWKIRUWKHVWDELOLW\RIWKHFHOOXODUPLFURHQYLURQPHQWDQGFRQWUROOLQJ
ELRIXQFWLRQDOLW\

)LJXUH  (IIHFWV RI (&0PHFKDQLFDO SURSHUWLHV RQ FHOO EHKDYLRXU ,OOXVWUDWLRQ RI WKH JHQHUDO
FKDQJHVLQFHOOEHKDYLRXUREVHUYHGZLWKWKHLQFUHDVHRIPDWUL[VWLIIQHVV*HQHUDOO\FHOOVDUHURXQGHGDQG
PLQLPDOO\DWWDFKHGWRVRIWPDWULFHVDVZHOODVJURZWKDUUHVWHGRUPLQLPDOO\SUROLIHUDWLYHDQGOLDEOHWR
DSRSWRVLV:KLOHFHOOVFXOWXUHGRQVWLIIPDWULFHVDUHSURQHWRSUROLIHUDWHDQGEHILEURJHQLFZLWKDVSUHDG
SKHQRW\SHLQFUHDVHGQXPEHUVRILQWHJULQ(&0ERQGVDQGLQWKHFDVHRIILEUREODVWVVWUHVVILEUHV&HOOV
PLJUDWHIURPVRIWWRVWLIIDUHDRIWKHPDWUL[DQGPD\EHPRVWPRWLOHDWLQWHUPHGLDWHVWLIIQHVV




7KHVHOIDVVHPEO\RILQGLYLGXDOSHSWLGHEXLOGLQJEORFNVLQWRDQDQRILEURXVQHWZRUNDVVHHQLQ
YDULRXV6$3V\VWHPVRFFXUVviaDQH[WHUQDOVWLPXOXVVXFKDVKHDWOLJKWS+WHPSHUDWXUHRU
HQ]\PH 7KH VWLPXOXV PRGLILHV WKH LQWHUPROHFXODU LQWHUDFWLRQV DOORZLQJ VSRQWDQHRXV VHOI
DVVHPEO\WRWDNHSODFH6XFKDSSURDFKHVWKDWIDEULFDWHWKHVHSHSWLGHK\GURJHOVDUHDOVRUHODWHG
WRWKHLUPHFKDQLFDOSURSHUWLHVDQGKDYHEHHQH[WHQVLYHO\LQYHVWLJDWHG7KHLPSRUWDQWIDFWRUV
WKDWGHWHUPLQH WKHPHFKDQLFDOSURSHUWLHVRIDK\GURJHODUH WKHDYHUDJH WKLFNQHVVDQGVLQJOH
ILEUH PHFKDQLFDO SURSHUWLHV WKH GHJUHH RI EUDQFKLQJ VXSUDPROHFXODU LQWHUDFWLRQV DQG WKH
PLFURVWUXFWXUH>@8QIRUWXQDWHO\LWLVRIWHQXQFOHDUKRZWRFRQWUROWKHPLFURVWUXFWXUHRIWKH
JHOVDVZHOODVWKHGHJUHHRIFURVVOLQNLQJDOWKRXJKLWKDVEHHQNQRZQWKDWJHOSURSHUWLHVDUH
ODUJHO\DIIHFWHGE\PLFURVWUXFWXUHDQGILEUHEUDQFKLQJFDQEHFRQWUROOHGLQUHODWHGK\GURJHOV
E\DGGLWLYHV

7KHSURSHUWLHVRIK\GURJHOVDUHDOVRPDQDJHGE\WKHPROHFXODUVWUXFWXUHGXHWRWKHSULPDU\
DVVHPEO\EHLQJUHJXODWHGvia WKHLQWHUPROHFXODULQWHUDFWLRQVSURJUDPPHGLQWRWKHPROHFXOH
&OHDUO\WKHSURSHUWLHVRIWKHJHOVDUHQHFHVVDU\IRUVSHFLILFDSSOLFDWLRQV)RUH[DPSOH6WXSSet
al. VKRZHGWKDWLQDSHSWLGHDPSKLSKLOHYDOLQHVLQFUHDVHWKHVWLIIQHVVRIWKHJHOZKLOHDGGLWLRQDO
DODQLQHVGHFUHDVHWKHPHFKDQLFDOSURSHUWLHVWKURXJKPDQLSXODWLQJWKHQXPEHUDQGSRVLWLRQRI
WKHWZRSHSWLGHVLQWKHDPLQRDFLGVHTXHQFH>@0ROHFXODUFRQWURORIPHFKDQLFDOSURSHUWLHV
LQ'DUWLILFLDOSHSWLGHVFDIIROGVSURYLGHVDFKHPLFDOVWUDWHJ\WRFRQWUROELRORJLFDOSKHQRPHQD
VXFK DV VWHP FHOO GLIIHUHQWLDWLRQ DQG FHOOPRUSKRORJ\ )RU WKHPHDVXUHPHQW RIPHFKDQLFDO
SURSHUWLHV UKHRORJ\ LV DQ HIIHFWLYH PHDQV RI FKDUDFWHULVLQJ JHOV +RZHYHU WKLVPHWKRG LV
GLIILFXOWWRDVVRFLDWHPHFKDQLFDOSURSHUWLHVRIK\GURJHOVZLWKWKHPROHFXODUVWUXFWXUH>@




 S+
'XH WR WKH ]ZLWWHULRQLF QDWXUH RI SHSWLGHV S+ FKDQJH KDV EHHQ XVHG WR LQGXFH WKH
SURWRQDWLRQGHSURWRQDWLRQ RI WKH DPLQR DQG FDUER[\O JURXSV ZLWK WKLV YDULDWLRQ RI VWDWLF
HOHFWULFIRUFHFDXVLQJDUHODWHGFKDQJHLQWKHPROHFXODUDUUDQJHPHQW>@)RU)PRF6$3VWKH
S+RIWKHSHSWLGHZDWHUPL[WXUHLVLQFUHDVHGLQRUGHUWRGLVVROYHWKH)PRFSHSWLGHE\DGURS
ZLVHDGGLWLRQRIFRQFHQWUDWHGVRGLXPK\GUR[LGH IROORZHGE\PL[LQJXVLQJDYRUWH[XQWLO D
FOHDUVROXWLRQLVREWDLQHG7KHS+LVWKHQJUDGXDOO\ORZHUHGXVLQJK\GURFKORULFDFLG+&OVR
WKDW WKH LQGLYLGXDO SHSWLGHV EHFRPH RSWLPDOO\ FKDUJHG DQG LQWHUDFW WR VSRQWDQHRXVO\ VHOI
DVVHPEOH7KLVXVXDOO\RFFXUVDWDS+VHYHUDOXQLWVDZD\IURPWKHFDOFXODWHGS.DYDOXHIRUWKH
PROHFXOH)RUH[DPSOH7DQJet al.UHSRUWHGWKDWWKHK\GURJHOVIRUPHGE\)PRF))DWS+
KDGKLJKHUHODVWLFPRGXOXV*¶DQGYLVFRXVPRGXOXV*´FRPSDUHGWRWKDWIRUPHGDWS+
GXH WR DPRUH IDYRXUDEOH RUGHULQJ >@ 7KLVPHWKRG DOWKRXJK D IDFLOH URXWH IRU K\GURJHO
IRUPDWLRQLVGLIILFXOWWRFRQWURODVWKHLQKRPRJHQHRXVFKDQJHLQS+FDQPHDQJHODWLRQRFFXUV
WRR TXLFNO\ GXH WR ORFDOLVHG S+ FKDQJHVPRVWO\ GXH WR LQVXIILFLHQWPL[LQJ >@ 7KLV LV D
UHODWLYHO\ XQFRQWUROOHG PHWKRG WKDW PD\ OHDG WR WKH IRUPDWLRQ RI LQKRPRJHQHRXV WXUELG
K\GURJHO,QRUGHUWRVXUPRXQWWKLV$GDPVet al.KDYHGHYHORSHGDV\VWHPXVLQJJOXFRQRį
ODFWRQH *G/ DV D FRQWUROOHGYHFWRU RI S+FKDQJH WR UHSURGXFLEO\ IRUPKRPRJHQHRXV DQG
WUDQVSDUHQW K\GURJHOV FRPSDUHG ZLWK XVLQJ +&O 7KLV PHFKDQLVP UHOLHV RQ *G/ VORZO\
K\GURO\VLQJLQZDWHUWRSURGXFHJOXFRQLFDFLGKRPRJHQHRXVO\ORZHULQJWKHS+RIWKHVROXWLRQ
>@$GDPVet al.DOVRFRPSDUHGWKHPHFKDQLFDOSURSHUWLHVRI)PRF<K\GURJHOIRUPHG
E\XVLQJ+&ODQG*G/5HVXOWVVKRZHGWKDWWKHJHOVZHUHPXFKVWLIIHUDWWKHVDPHFRQFHQWUDWLRQ
RISHSWLGHXVLQJ*G/FRPSDUHGWRWKDWIRUPHGE\+&OGXHWRDPXFKPRUHVWDEOHDQGFRQVLVWHQW
DVVHPEO\SURFHVV




 ,RQLFVWUHQJWK
'XHWR WKH]ZLWWHULRQLFSURSHUWLHVRISHSWLGHVFRQWURORI LRQLFVWUHQJWKKDVSURYHQ WREHDQ
HIIHFWLYHZD\WRFDXVHK\GURJHODWLRQDQGFDQUHJXODWHWKHILQDO6$3PHFKDQLFDOSURSHUWLHV<X
DQG FRZRUNHUV KDYH VKRZQ WKDW E\ FKDQJLQJ LRQLF VWUHQJWK ROLJRSHSWLGHPRGXOHV VXFK DV
.9:DFHW\O:.9.9.9.9.&21+FDQEHVHOIDVVHPEOHGLQWRDK\GURJHOQHWZRUN
>@ +XDQJ et al. SUHSDUHG D K\GURJHO E\ GLVVROYLQJ WKH 6$3 LQ GLPHWK\OVXOIR[LGH
'062+2 VROXWLRQV DQG REVHUYHG WKDW WKH DGGLWLRQ RI&D LQFUHDVHG WKH JHO IRUPDWLRQ
VSHHGDQGDOVRWKHILQDOJHOVWUHQJWK>@2]EDVet al. IRXQGWKDWZLWKWKHSUHVHQFHRIVDOW
LQWUDPROHFXODUIROGLQJFRXOGLQGXFHWKHVHOIDVVHPEO\RIȕKDLUSLQSHSWLGHVLQWRK\GURJHOVDW
S+7KH\DOVRIRXQGWKDWWKH*¶RIDSHSWLGHK\GURJHOLQFUHDVHGIURP3DWR3D
ZKHQWKHLRQLFVWUHQJWKURVHIURPP0WRP0$'IRUP6$3V\VWHP'($.ZDV
GHVLJQHGE\/XRet al.DQGUHVXOWVVKRZHGWKDWWKHPHFKDQLFDOSURSHUWLHVRI'($.ZHUH
LPSURYHGE\WKHDGGLWLRQRISKRVSKDWHEXIIHUVDOLQH3%6ZLWK1D.HVSHFLDOO\DWKLJKHU
SHSWLGHFRQFHQWUDWLRQ7KLVPD\EHGXHWRWKDW1D.FDXVLQJWKHSHSWLGHVWRVHOIDVVHPEOH
LQWRVKRUWQDQRILEUHVDWIDVWVSHHG+RZHYHUWKHVWLIIQHVVZDVTXLWHZHDN*¶3DDWDOO
WHVWHGFRQGLWLRQV
 7HPSHUDWXUH
+\GURJHO PDWHULDOV WKDW VZHOO RU VKULQN ZLWK FKDQJHV LQ WHPSHUDWXUH DUH FDOOHG WKHUPDOO\
UHVSRQVLYH$VWKHELRORJLFDOPHGLXPLVW\SLFDOO\&WKLVLVDQDWWUDFWLYHURXWHWRDFKLHYH
JHODWLRQXQGHUELRORJLFDOFRQGLWLRQV>@$QH[DPSOHRIDWKHUPDOO\UHVSRQVLYH6$3LV0$;
9.9.9.7.9'337.9.7.9.91+FRPSRVHGRIDFHQWUDO WHWUDSHSWLGHZLWKȕWXUQ
SURSHQVLW\IODQNHGE\WZRH[WHQGHGVWUDQGV5HVXOWVVKRZHGWKDWWKH*¶RIWKHDTXHRXVVROXWLRQV
RI0$;ZDVDIXQFWLRQRIWHPSHUDWXUHGXULQJVHYHUDOF\FOHVRIKHDWLQJDQGFRROLQJ:KHQ
WHPSHUDWXUHZDVLQFUHDVHGWKHSHSWLGHH[SHULHQFHGDXQLPROHFXODUIROGLQJHYHQWSURYLGLQJDQ




DPSKLSKLOLFȕKDLUSLQDQGWKHQVHOIDVVHPEOHGLQWRDK\GURJHOQHWZRUN$WORZFRQFHQWUDWLRQ
0DQGXQGHU&WUDQVIRUPDWLRQIURPȕKDLUSLQWRȕVKHHWVWUXFWXUHZDVREVHUYHG
7KHIROGLQJDQGXQIROGLQJZHUHUHYHUVLEOHDQGGHSHQGHQWRQWHPSHUDWXUH$WURRPWHPSHUDWXUH
DQGS+WKH6$3ZDVXQIROGHGDQGSUHVHQWHGDVDORZYLVFRVLW\DTXHRXVVROXWLRQ:KHQWKH
WHPSHUDWXUH ZDV LQFUHDVHG WR  & DQG KLJK FRQFHQWUDWLRQ  ZW LW VKRZHG D ULJLG
K\GURJHO*¶ 3D'HFUHDVLQJWKHWHPSHUDWXUHWR&UHVXOWHGLQDORZYLVFRVLW\IUHHO\
IORZLQJVROXWLRQDVVKRZQE\*¶YDOXHV>@$VWKHIROGLQJDQGVXEVHTXHQWVHOIDVVHPEO\RI
WKHȕKDLUSLQDUHSDUWLDOO\FRQWUROOHGE\K\GURSKRELFLQWHUDFWLRQVWKHSDUWLFXODUWHPSHUDWXUHDW
ZKLFKWKHWUDQVLWLRQWDNHVSODFHFDQEHWDLORUHGE\FKDQJLQJWKHK\GURSKRELFFKDUDFWHURIWKH
SHSWLGH0RUH K\GURSKRELF SHSWLGHV VKRXOG IROG DQG DVVHPEOH DW ORZHU WHPSHUDWXUHV 7KH
WKHUPDO EHKDYLRXU RI WKLV FODVV RI ȕKDLUSLQV SURYHV WKDW de novo GHVLJQ FDQ EH XVHG WR
SUHGLFWDEO\FRQVWUXFWUHVSRQVLYHPDWHULDOVDQGWKDWWKHVHPRGLILFDWLRQVVKRZWKHSRWHQWLDOIRU
WKLV WR RFFXU ZKHQ D VROXWLRQ RI SHSWLGHV DUH GHOLYHUHG WR WKH S+ UDQJH DQG WHPSHUDWXUH
FRQGLWLRQVIRXQGLQWKHFHOOXODUQLFKH
 %LRFDWDO\WLFUHDFWLRQV
7KHDSSOLFDWLRQRIHQ]\PHVLVDSURPLVLQJPHWKRGWRFRQWURODQGGLUHFWPROHFXODUVHOIDVVHPEO\
WKURXJKUHGHILQLQJPROHFXODULQWHUDFWLRQV$VDQH[DPSOHHQ]\PHVKDYHEHHQXVHGWRLQGXFH
SHSWLGH K\GURJHODWLRQ >@ (Q]\PHFDWDO\VHG UHDFWLRQV FDQ IRUP FRYDOHQW ERQGV EHWZHHQ
VXEVWUDWHV>@DQGKDYHDYDULHW\RIDGYDQWDJHVVXFKDVKLJKVSHFLILFLW\DQGVHOHFWLYLW\PLOG
UHDFWLRQFRQGLWLRQUHTXLUHPHQWVLQDTXHRXVVROXWLRQS+DQGELRORJLFDOWHPSHUDWXUH7KH
PHFKDQLVPVIRUVHOIDVVHPEO\DUHWDLORUHGE\LQGLYLGXDOHQ]\PHVWRWXQHWKHSHSWLGHDFWDVWKH
VSHFLILF VXEVWUDWH )RU H[DPSOH SKRVSKDWDVH FDQ FDWDO\VH ERQGFOHDYDJH UHDFWLRQV IRU WKH
SURGXFWLRQRIVXSUDPROHFXODUK\GURJHOVWKURXJKGHSKRVSKRU\ODWLRQ>@7UDQVJOXWDPLQDVH
FDQFDWDO\VHWKHIRUPDWLRQRILVRSHSWLGHERQGVVXFKDVEHWZHHQJOXWDPLQHDQGO\VLQHUHVLGXHV




3URWHDVHVVXFKDVWKHUPRO\VLQKDYHJRRGSUHIHUHQFHIRUK\GURSKRELFDURPDWLFUHVLGXHVRQWKH
DPLQHVLGHRIWKHSHSWLGHERQGDQGDUHQRQVSHFLILFIRUFDUER[\OLFDFLGUHVLGXHV7KH\FDQDOVR
FDWDO\VH UHYHUVH K\GURO\VLV UHDFWLRQVZKLFKPD\KDYH LPSOLFDWLRQV IRU in situ IRUPDWLRQRI
QDQRILEURXV K\GURJHO VFDIIROGV IRU FHOO FXOWXUH >@ $ UHYHUVLEOH V\VWHP XVLQJ
NLQDVHSKRVSKDWDVHKDVEHHQGHPRQVWUDWHG.LQDVHLVXVHGWRGLVUXSWWKHQDQRILEUHVIRUPHGE\
WKH VHOIDVVHPEO\ RI D SHQWDSHSWLGH 1DS))*(< DQG LQGXFHV D JHOVRO WUDQVLWLRQ E\ WKHQ
HPSOR\LQJSKRVSKDWDVHWRUHVWRUHWKHVHOIDVVHPEO\DQGIRUPVXSUDPROHFXODUK\GURJHOVin vivo
>@

&RQWUROOLQJWKHHQ]\PHFRQFHQWUDWLRQFDQDOVREHDQHIIHFWLYHZD\WRDGMXVWWKHPHFKDQLFDO
SURSHUWLHVRIK\GURJHOVE\PRGLI\LQJWKHPDJQLWXGHRIWKHVWLPXOXV*XLOEDXGet al.VKRZHG
WKDW WKH HQ]\PHFRQFHQWUDWLRQGRHVQRW DIIHFW WKH VHOIDVVHPEO\RI)(). WHWUDSHSWLGHV DW D
PROHFXODUOHYHOHLWKHUQRUWKHVWUXFWXUHRIWKHILEULOODUQHWZRUNIRUPHGDWWKHQDQRVFDOHXVLQJD
SURWHDVHWKHUPRO\VLQ>@+RZHYHUWKHHODVWLFPRGXOXVRIWKHK\GURJHOLQFUHDVHGE\DOPRVW
DQRUGHURIPDJQLWXGHZKHQWKHHQ]\PHFRQFHQWUDWLRQZDVLQFUHDVHGIURPWRPJP/
7KLVSKHQRPHQRQLVGLVFRYHUHGWREHGXHWRGHQVHUUHJLRQVIRUPLQJDURXQGWKHHQ]\PHVDVWKH\
DFW DV D QXFOHDWLRQ SRLQW 7KH LQWHUDFWLRQV RI WKHVH GHQVH UHJLRQV FDXVH WKH QHWZRUN WR EH
VWURQJHUEHFDXVHRIDQLQFUHDVHGQXPEHURIHQWDQJOHPHQWV7KHXWLOLW\RIWKLVDSSURDFKKDVEHHQ
VKRZQ E\ <DQJ et al., ZKR XVHG QDWXUDOO\ RFFXUULQJ SKRVSKDWDVH WR FDWDO\VH D ȕSHSWLGH
K\GURJHOV in vivo VKRZLQJH[FHOOHQWELRVWDELOLW\ ,WZDVDOVR IRXQG WKDWZLWK WKH LQFUHDVHRI
HQ]\PHDPRXQWDQGXQLWVP/WKHHODVWLFPRGXOXVDQG3D
UHVSHFWLYHO\RIWKHK\GURJHOVZHUHLQFUHDVHGWRRZKLOHWKHJHODWLRQWLPHVDQGPLQ
GHFUHDVHGWKLVHIIHFWLYHO\VKRZVWKDWWKHJHOSURSHUWLHVDUHUHODWHGWRWKHQXPEHURIILEULOVDQG
WKHUDWHDWZKLFKWKH\DUHIRUPHGDQGWKLVSURFHVVFDQEHGHWHUPLQHGE\WKHPDJQLWXGHRIWKH
VWLPXOXV>@




 3KRWRSRO\PHULVDWLRQ
7KH XVH RI OLJKWVHQVLWLYH FRPSRXQGV XVXDOO\ FDOOHG SKRWRLQLWLDWRUV FDQ EH HPSOR\HG DV D
VWLPXOLUHVSRQVLYHWULJJHUWRPRGLI\DSKRWRVHQVLWLYHLQWHUPHGLDWHWKDWGLUHFWO\LQWHUDFWVRULV
DWWDFKHGWR WKHSHSWLGHVDOORZLQJWKHPWRPRYHIURPVROXWLRQDVVHPEOH WRDK\GURJHO>@
7\SLFDOO\YLVLEOHRUXOWUDYLROHWOLJKWLVXVHGIRUSKRWRSRO\PHULVDWLRQ7KHPDMRUDGYDQWDJHRI
SKRWRSRO\PHULVDWLRQLV WKDWK\GURJHOVFDQEHSURGXFHGin situ IURPDTXHRXVSUHFXUVRUVIDVW
UDWHVZLWKLQDVHFRQGWRDIHZPLQXWHVDQGIXQFWLRQDOLW\DWSK\VLRORJLFDOWHPSHUDWXUH>
@ +RZHYHU VRPH SKRWRQLWLDWRUV DUH F\WRWR[LF DQG ODUJH PDFURPROHFXODU SUHFXUVRUV DUH
UHTXLUHGWRGULYHIUHHUDGLFDOPHGLDWHGFURVVOLQNLQJUHDFWLRQVZLWKRXWGLVUXSWLQJWKHXQGHUO\LQJ
DVVHPEO\SURFHVV+DLQHVet al.KDYHGHYHORSHGDVLPSOHOLJKWDFWLYDWHGK\GURJHODWLRQV\VWHP
XVLQJDGHVLJQHGȕWXUQSHSWLGH0$;&1%9.9.9.9.9'337.9.;.9.91+>@
8QGHUDPELHQWOLJKWDZWVROXWLRQZDVVKRZQWREHVWDEOHZLWKWKHSHSWLGHVLQDQXQIROGHG
VWDWH,UUDGLDWLRQWKLVVROXWLRQZLWKOLJKWZDYHOHQJWKVEHWZHHQWRQPDSKRWRFDJHZDV
UHOHDVHGDQGSHSWLGHIROGLQJZDVWULJJHUHGWRSURGXFHDPSKLSKLOLFȕKDLUSLQVDQGVHOIDVVHPEOH
LQWR YLVFRHODVWLF K\GURJHO PDWHULDO *¶  3D 3KRWRFDJH KDV EHHQ XVHG HVSHFLDOO\ LQ
ELRFKHPLVWU\WRDWWDFKDPROHFXOHWRDELRORJLFDODFWLYHFRPSRXQGDQGWKHQVWXG\LWVEHKDYLRXU
RQFH DFWLYDWHG DQ\ RI VHYHUDO PROHFXODU VSHFLHV WKDW FDQ EH DFWLYDWHG E\ OLJKW DQG WKH
SKRWRLQLWLDWHGK\GURJHODWLRQPHFKDQLVPWRPDNHDK\GURJHOLVQRYHODWWKLVVWDJH
 %LRIXQFWLRQDOLVDWLRQRI6HOI$VVHPEOLQJ3HSWLGH+\GURJHOV
7REHHIIHFWLYHDVDVFDIIROGIRUUHJHQHUDWLYHPHGLFLQHWKHVXSUDPROHFXODUPDWULFHVIRUPHGE\
6$3V PXVW HIIHFWLYHO\ HPXODWH WKH IHDWXUHV RI WKH QDWXUDO (&0 ERWK PRUSKRORJLFDOO\
FKHPLFDOO\DQGVSDWLDOO\WRSURYLGHDELRDFWLYHDQGVWDEOH'PLFURHQYLURQPHQW





7KHPDMRUFKDOOHQJHLQWKHGHVLJQLQJRIELRDFWLYHELRPDWHULDOVWKURXJKPROHFXODUVHOIDVVHPEO\
LVWRFUHDWHVWUXFWXUDOO\FRPSOH[VWUXFWXUHVRQDUDQJHRIOHQJWKVFDOHVLQFRUSRUDWLQJPXOWLSOH
FRPSRQHQWVWKDWDUHKLHUDUFKLFDOO\RUJDQLVHGDVVKRZQLQELRORJLFDOV\VWHPV>@$OLPLWDWLRQ
WKDWPXVWEHRYHUFRPHZLWK6$3VFDIIROGVLVWKHULFKQHVVRIFKHPLVWU\RQWKHQDQRVFDOHPXVW
EHEXLOWXSRQWRUHSOLFDWHWKLVXWLOLW\WRPLPLFPDFURPROHFXODUKLJKHURUGHULQJHLWKHUWKURXJK
FRYDOHQWPRGLILFDWLRQDQGRUWKHXVHRIPXOWLFRPSRQHQWV\VWHPV>@
 ,QFRUSRUDWLQJLRQVLQWRWKHSHSWLGHPDWUL[
6WXSSDQGFRZRUNHUVKDYHGHPRQVWUDWHGDYDULHW\RIDSSOLFDWLRQVRIVHOIDVVHPEO\3$VZLWK
RWKHUPDWHULDOVVXFKDVLRQV>@DQGHIIRUWVZHUHPDGHLQERQHWLVVXHHQJLQHHULQJ$
SHSWLGH DPSKLSKLOHZDV GHVLJQHGZLWK QHJDWLYH FKDUJHG SKRVSKRU\ODWHG VHULQH DQG DVSDUWLF
DFLGVUHVLGXHVZKLFKFDQDWWUDFWFDOFLXPLRQE\LRQLFEULGJLQJDQGUHVXOWLQWKHIRUPDWLRQRID
VHOIVXSSRUWLQJ'PDWUL[7KHF\OLQGULFDOQDQRILEHUVZLWKDSSUR[LPDWHO\QPLQGLDPHWHU
DQGIRUPWKHEDVLFQDQRILEURXVVFDIIROGRIDFROODJHQPDWUL[>@7KHDELOLW\RIWKHILEUHVWR
ELQGFDOFLXPDOORZVWKHPLPLFRISURWHLQWKDWQDWXUDOO\WHPSODWHPLQHUDOV$K\EULGERQHWLVVXH
HQJLQHHULQJPDWHULDOZDVFRPSRVHGRIDSHSWLGHDPSKLSKLOHVQDQRILEHUVPDWUL[ILOOHGZLWKLQD
SRURVLW\RI7L$O9IRDP7KLVVFDIIROGZDVXVHGWRGHOLYHU\DQLQHUWWLWDQLXPIRDP
LQWRDSRWHQWLDOELRDFWLYHLPSODQW>@7KH3$PROHFXOHVVHOIDVVHPEOHLQWRQDQRILEHUVZLWKLQ
WKH SRUHV RI WKH PHWDOOLF IRDP DQG FRPSOHWHO\ WDNLQJ XS WKH IRDP¶V FRQQHFWHG SRURVLW\
,PSRUWDQWO\WKLVPHWKRGSHUPLWVWKHLQFRUSRUDWLRQRIFHOOVZLWKLQWKHELRFRQGXFWLYHK\EULGLQ
DFRQWUROOHGPDQQHU$JOXFDJRQOLNHSHSWLGH */3 VHOIDVVHPEOHG WRRQHGLPHQVLRQDO
QDQRILEHUV DQG WKHQ FDQ EH FURVVOLQNHG E\ FDOFLXP LRQV WR VWDELOLVH WKH DFWLYH VHFRQGDU\
VWUXFWXUHDQGIRUPDPDFURVFRSLFJHOFDSDEOHRIFHOOHQFDSVXODWLRQDQG'FHOOFXOWXUH7KHVH
*/3PLPHWLF 3$ QDQRILEHUV SURPRWH LQVXOLQVHFUHWLQJ FHOOV UHOHDVH SUROLIHUDWLRQ DQG
VXUYLYDOVLJQLILFDQWO\XVLQJUDWLQVXOLQRPDFHOOVPRGHO7KLVPHWKRGRYHUFRPHVWKHOLPLWDWLRQV




RIW\SHGLDEHWHVPHOOLWXVUHTXLUHVGDLO\LQVXOLQLQMHFWLRQVWKDWIDLOWRSURGXFHSK\VLRORJLFDO
JO\FHPLFFRQWURO>@
 3UHVHQWLQJSHSWLGHHSLWRSHVLQWKHSHSWLGHVHTXHQFH
$ YDULHW\ RI WLVVXH VSHFLILF SURWHLQV IRXQG LQ WKH (&0 SURYLGH QRW RQO\ SK\VLFDO EXW DOVR
FKHPLFDO VXSSRUW WR FHOOV WKURXJK LQLWLDWLRQ RI FHOO SDWKZD\V via LQWHJULQ DFWLYDWLRQ >@
6LJQLILFDQWHIIRUWVWKHUHIRUHKDYHEHHQPDGHWRLQFOXGHIXQFWLRQDOSHSWLGHVHTXHQFHVIURPWKHVH
SURWHLQV DVVRFLDWHG ZLWK VSHFLILF IXQFWLRQV DVVRFLDWHG ZLWK FRQQHFWLYH FROODJHQ QHUYRXV
ODPLQLQRUPHVHQFK\PDOILEURQHFWLQWLVVXHV>@,VRODWHGSHSWLGHVHTXHQFHVIRXQGLQ
WKHVH SURWHLQV DUH NQRZQ WR UHWDLQ WKH DELOLW\ WR LQIOXHQFH LQWUDFHOOXODU SURFHVVHV VXFK DV
DGKHVLRQSUROLIHUDWLRQGLIIHUHQWLDWLRQDQGPLJUDWLRQ>@7KHUHIRUHVLJQLILFDQWHIIRUWVKDYH
EHHQPDGHWRLQFOXGHWKHVHDPLQRDFLGVHTXHQFHVLQ6$3VZLWKRXWGLVUXSWLQJWKHPHFKDQLVP
RI DVVHPEO\ >@ 8QIRUWXQDWHO\ WDNHQ RXW RI FRQWH[W RI WKH ZKROH SURWHLQ WKH SHSWLGH
VHTXHQFHV GLVSOD\ OLWWOH RU QR SURSHQVLW\ WR DVVHPEOH DQG EH FRUUHFWO\ GLVSOD\HG XQGHU
SK\VLRORJLFDOFRQGLWLRQV5RGULJXH]et al. IRXQG WKDW WKURXJK WKHUDWLRQDOPRGLILFDWLRQRID
ELRDFWLYHSHSWLGHVHTXHQFHZLWKDFLGLFUHVLGXHVWKHJHOIRUPDWLRQS.DDQGFRQVHTXHQWO\WKH
S+DWZKLFKJHOIRUPHGZHUHFRQWUROODEOH>@,PSRUWDQWO\WKLVPRGLILFDWLRQKDVQRLPSDFWRQ
WKH QRQFRYDOHQW LQWHUDFWLRQV GULYLQJ WKH IRUPDWLRQ RI WKH ILEULOODU VWUXFWXUHV 6KRUW SHSWLGH
HSLWRSHV KDYH EHHQ LQFRUSRUDWHG RQWR 3$PROHFXOHV >@5*'5*'6 ,.9$9DQG RWKHU
ELQGLQJGRPDLQVKDYHEHHQLQFRUSRUDWHGLQWR3$VDVDQDSSURDFKWRLPSURYHFHOOXODUDGKHVLRQ
,QDQHIIRUWWRFUHDWHDPXOWLFRPSRQHQWV\VWHPRIPLQHUDOLVHGILEUHV6WXSSet al.LQFRUSRUDWHG
SKRVSKRVHULQHUHVLGXHVLQWR3$VFDIIROGVWRSURPRWHK\GUR[\DSDWLWHIRUPDWLRQin vitro7KH3$
FRQWDLQHGWKHFHOODGKHVLRQHSLWRSH5*'6DQGVHOIDVVHPEOHGLQWRQDQRILEUHVDQGFUHDWHGVHOI
VXSSRUWLQJJHOVXQGHUFHOOFXOWXUHFRQGLWLRQV7KHVHZHUHWKHQVKRZQWRQXFOHDWHVSKHURLGDO
QDQRSDUWLFOHVRIFU\VWDOOLQHFDUERQDWHGK\GUR[\DSDWLWHaQPLQGLDPHWHU,PSRUWDQWO\WKH




PLQHUDOLVDWLRQ RFFXUV LQ WKH SUHVHQFH RI VHULQH RU SKRVSKRVHULQH UHVLGXHV LQ WKH SHSWLGH
VHTXHQFHQRWHSLWD[LDOUHODWLYHWRWKHORQJD[LVRIWKHQDQRILEUHV
 ,QFRUSRUDWLQJPDFURPROHFXOHVLQWRWKHSHSWLGHVFDIIROGV
,QVWHDGRIWDNLQJVPDOOVHTXHQFHVDQGLQFRUSRUDWLQJWKHPWRWKH6$3UHVHDUFKKDVVKRZQWKDW
WKHILEULOODU6$3VWUXFWXUHVFDQELQG(&0SURWHLQVZLWKLQWKHVFDIIROG>@)RUH[DPSOH
)PRFWULOHXFLQHVHOIDVVHPEOHV WR\LHOG ILEULOVZLWKDKLJKGHQVLW\RI OHXFLQH WKDWSUHVHQWD
KLJKO\K\GURSKRELFHQYLURQPHQW7KLVZDVXVHGWRELQGWKH(&0SURWHLQODPLQLQLQDPDQQHU
DQDORJRXVWRDPDFURPROHFXOHPDFURPROHFXOHLQWHUDFWLRQWKDWLVIRXQGLQWKH(&0>@7KLV
DSSURDFK WKHUHIRUH SUHVHQWV DV D YHUVDWLOH PHWKRGRORJ\ IRU WKH SUHVHQWDWLRQ RI VWUXFWXUDO
SURWHLQV LQ D SRWHQWLDOO\ ELRORJLFDOO\ UHOHYDQW PDQQHU 0RUH UHFHQWO\ W\SH ǿ FROODJHQ ZDV
LQFRUSRUDWHGLQWR3$QDQRILEUHVZLWKWKH,.9$9DQG<,*65HSLWRSHVSUHVHQWRQWKHVXUIDFH
+RPRJHQHRXVILEUHVZHUHIRUPHGZLWKQPLQGLDPHWHUWKDWXQGHUSLQVWKHVFDIIROG>@

3*VDUHDIDPLO\RIPROHFXOHVFRQVLVWLQJRIDFRUHSURWHLQFRYDOHQWO\OLQNLQJWRRQHRUPRUH
JO\FRVDPLQRJO\FDQ VXJDU FKDLQV >@ 6HYHUDO VWXGLHV KDYHSURYHQ WKDW FHOO DWWDFKPHQW DQG
VSUHDGLQJ ZHUH LPSURYHG E\ PRGLI\LQJ ELRPDWHULDOV ZLWK 3*ELQGLQJ GRPDLQV >@
+RZHYHU 6DZ\HU et al. VXJJHVWHG WKDW ZKHQ HQJLQHHULQJ ELRPLPHWLF VWUDWHJLHV IRU WLVVXH
HQJLQHHULQJLWLVYHU\LPSRUWDQWWRFRQVLGHUWKHXQLTXHVXUIDFHSURSHUWLHVRIVSHFLILFELRPDWHULDO
LQWHJUDWHVZLWKHQGRJHQRXVSURFHVVHVVXFKDVSURWHLQDGVRUSWLRQDOORZVIXQFWLRQDOSUHVHQWDWLRQ
>@ 5HFHQWO\ D ELRDFWLYH KLHUDUFKLFDOO\ VWUXFWXUHG PHPEUDQH ZDV IRUPHG ZLWK 3$V
/5../*.$DQGK\DOXURQLFDFLG>@




 7KHin vitroDQGin vivo$SSOLFDWLRQVRI6HOI$VVHPEOLQJ3HSWLGH
6FDIIROGV
 6$3VFDIIROGVDVDVXSSRUWIRU'FHOOFXOWXUH
 Į+HOLFDO
$UHVLGXHĮKHOLFDOSHSWLGHZDVGHYHORSHGE\:RROIVRQDQGFRZRUNHUVZLWKWU\SWRSKDQ
XVHGWRVWDELOLVHWKHJHOLQFHOOFXOWXUHPHGLDDW&7KHUHVXOWDQWK\GURJHOFDQVXSSRUWERQH
JURZWKDQGGLIIHUHQWLDWLRQRIUDWDGUHQDOSKHRFKURPRF\WRPDFHOOVLQDFRQWLQXRXVFXOWXUH>@
$QDODQLQHULFKDPSKLSKLOLFSHSWLGHFRQWDLQLQJ5*'FHOODGKHVLRQPRWLI$5*'ZDVXVHGWR
UHVHDUFKRQILEUREODVWDWWDFKPHQW5HVXOWVVKRZHGWKDWLWVVHOIDVVHPEO\ZDVGHSHQGHQWRQWKH
SHSWLGHFRQFHQWUDWLRQLQZDWHUDVDQDQRILEULORUYHVLFOHVWUXFWXUHZDVDYDLODEOH,WVKRZHGWKDW
KXPDQ FRUQHD VWURPDO ILEUREODVWV SUROLIHUDWLRQ ZDV HQKDQFHG VLJQLILFDQWO\ DW  ZW
$5*'VROXWLRQVFRPSDUHGZLWKWKHFRQWURO>@
 ȕ6KHHWV
2QHRIWKHSUHGRPLQDQWV\VWHPVWRXVHȕVKHHWVDUHWKH5$'EDVHGSHSWLGHVFDIIROGV7KHVH
KDYH EHHQ XVHG WR VXSSRUW D YDULHW\ RI DSSOLFDWLRQV LQFOXGLQJ RVWHREODVW SUROLIHUDWLRQ DQG
GLIIHUHQWLDWLRQ >@ D[RQ GLIIHUHQWLDWLRQ >@ NHUDWLQRF\WH GLIIHUHQWLDWLRQ >@ SRVLWLYH
HIIHFWVRQQHXUDOUHJHQHUDWLRQIROORZLQJLQMXU\WRWKHFHQWUDOQHUYRXVV\VWHP>@DQGLQDQ
LPSRUWDQWGHPRQVWUDWLRQRIWKHORQJWHUPHIIHFWLYHQHVVRIWKHVHPDWHULDOV KDYHHQFRXUDJHG
WKHGHSRVLWLRQRIQHZ(&0PDWUL[SURWHLQV >@5HFHQWO\ LWZDVXVHGDVD'PRGHO IRU
RYDULDQFDQFHUFHOOV DQG UHVXOWV VKRZHGKLJKHU UHVLVWDQFH WRDQWLFDQFHUGUXJVFRPSDUHG WR
FHOOVJURZQRQD'FXOWXUHSODWHLWLVSRVVLEOHWRXVHDVDQDQWLFDQFHUGUXJVFUHHQLQJDQGin 
vitro LQYHVWLJDWLRQRI WXPRXUELRORJ\ >@%RWKRI5$'ȆDQG($.ȆZHUHDEOH WR




VXSSRUW WKHDWWDFKPHQWDQGJURZWKRIDQXPEHURIPDPPDOLDQFHOOVVXFKDVILEUREODVWVDQG
NHUDWLQRF\WHV >@:KLOVWDQRWKHUȕVKHHW VWUXFWXUHGRFWDSHSWLGH)()().).VFDIIROGZDV
XVHGIRUFXOWXULQJERYLQHFKRQGURF\WHVDQGLWVELRFRPSDWLELOLW\ZDVDVVHVVHG'FHOOFXOWXUH
VKRZHGGHPRQVWUDWHGFROODJHQW\SHǿGHSRVLWLRQWKHVXSSRUWRIFHOOYLDELOLW\DQGWKHUHWHQWLRQ
RIFHOOPRUSKRORJ\LQ'FHOOFXOWXUH7KLVVKRZHGWKDWWKHVFDIIROGPD\VHUYHDVDWHPSODWH
IRUFDUWLODJHWLVVXHHQJLQHHULQJ>@
 ȕ7XUQV
7KH ȕKDLUSLQ IRUPHG SHSWLGH 0$; KDV VKRZQ WR EH F\WRFRPSDWLEOH DQG FDSDEOH RI
VXSSRUWLQJWKHFHOOXODUDWWDFKPHQWRI1,+7FHOOVH[SDQGLQJUHGEORRGFHOOVDQGILEUREODVW
SUROLIHUDWLRQ >@ 3URJHQLWRU RVWHREODVW FHOOV 0* FXOWXUHG LQ 0$; UHPDLQHG HYHQO\
GLVWULEXWHGDQGYLDEOHZLWKLQWKHK\GURJHOGXULQJGHOLYHU\E\V\ULQJHLQMHFWLRQLQGLFDWLQJWKH
SRWHQWLDORIXVLQJWKLVW\SHRIK\GURJHODVDQLQMHFWDEOHFHOOVFDIIROG>@:KLOH0$;LVQRW
LGHDO IRUFHOOHQFDSVXODWLRQGXH WRVORZJHODWLRQVSHHG0$;FDQHQFDSVXODWHFHOOVZLWKD
KRPRJHQHRXV GLVWULEXWLRQ >@ ,PSRUWDQWO\ KRZHYHU ERWK 0$; DQG 0$; KDYH QRW
GHPRQVWUDWHGDVLJQLILFDQWPDFURSKDJHUHVSRQVHin vivo>@
 3HSWLGHDPSKLSKLOHV
6WXSSDQGFRZRUNVIRXQGWKDWDQ,.9$9FRQWDLQLQJ3$VHOIDVVHPEOHVLQWRQDQRILEUHV>@
WKHQWKH\XVHGLWDVDQDQWLFDQFHUPDWHULDOIRUWKHWUHDWPHQWRIJOLREODVWRPDPXOWLIRUPH>@
ZKLFK LV WKH PRVW FRPPRQ JOLRPD LQ DGXOWV DQG FDUULHV D SRRU SURJQRVLV GXH WR WXPRXU
UHFXUUHQFH LQ VSLWH RI DJJUHVVLYH WUHDWPHQW 6XFK UHFUXGHVFHQF\ KDV EHHQ DVFULEHG WKH
SHUVLVWHQFHRIJOLRPDVWHPOLNHFHOOV*6&V+HQFHWDUJHWLQJWKHVHFHOOVZRXOGEHFUXFLDOWR
DFKLHYHPHDQLQJIXOLPSURYHPHQWLQJOLREODVWRPDPXOWLIRUPHVXUYLYDO7KH\LQYHVWLJDWHGWKH
UROHRIȕLQWHJULQVLJQDOOLQJDVRQHSRWHQWLDOWDUJHW7KH\IRXQGWKDWWKH,.9$93$PDWUL[
LQFUHDVHV LPPRELOLVHG ȕLQWHJULQ DW WKH*6&PHPEUDQH DQG LQGXFHV VWULNLQJ DSRSWRVLV LQ




*6&VviaIRFDODGKHVLRQNLQDVH)$.LQKLELWLRQ7KHLUUHVXOWVUHYHDOHGDUROHRIȕLQWHJULQ
VLJQDOOLQJWKURXJK)$.LQ*6&WUHDWPHQWUHVLVWDQFHDQGLQWURGXFHGVHOIDVVHPEOLQJ3$VDVD
QRYHOWKHUDSHXWLFDSSURDFKIRURYHUFRPLQJWKLVUHVLVWDQFH
 8QQDWXUDODPLQRDFLGV
8QQDWXUDODPLQRDFLGVDUHRI LQWHUHVW IRUFHOOFXOWXUHDV WKH\ LISURYHQWREHQRQF\WRWR[LF
SURGXFH VWDEOH PDWHULDOV WKDW DUH QRW EURNHQ GRZQ E\ HQ]\PHV SURGXFHG LQ WKH ERG\
600&FHOOVZHUHFXOWXUHGRQWKHSURWHDVHUHVLVWDQW'IRUPSHSWLGHVHTXHQFH'($.
7KHUHVXOWVVKRZHGKLJKFHOOYLDELOLW\DQGORZOHYHOFHOODSRSWRVLVIRUVHYHUDOZHHNVZLWKQR
VLJQLILFDQWGLIIHUHQFHRIYLDELOLW\DVFRPSDUHGZLWKWKH/IRUPSHSWLGH>@7HNLQD\et al.
LQFRUSRUDWHGFKDUJHGJURXSVVXFKDVVXOIRQDWHFDUER[\ODWHDQGK\GUR[\ORQVHOIDVVHPEOHG
SHSWLGHDPSKLSKLOHQDQRILEUHVLQRUGHUWRPLPLF(&0FKHPLFDOO\DQGVWUXFWXUDOO\>@7KH
GLIIHUHQWLDWLRQRI$7'&FKRQGURJHQLFFHOOVZDVHYDOXDWHGDQGUHVXOWVVKRZHGWKDWDOWKRXJK
SHSWLGHQDQRILEUHV\VWHPVZHUHGLIIHUHQWWRHDFKRWKHUGXHWRGLIIHUHQWFKHPLFDOFRPSRVLWLRQ
$7'&FHOOVDJJUHJDWHGTXLFNO\DQGIRUPHGFDUWLODJHOLNHQRGXOHVLQLQVXOLQIUHHPHGLXPDQG
GHSRVLWHGVXOSKDWHGJO\FRVDPLQRJO\FDQVZKHQFXOWXUHGRQWKHVHIXQFWLRQDOSHSWLGHVFDIIROGV
 6KRUWSHSWLGHGHULYDWLYHV
6KRUWSHSWLGHVHTXHQFHVUHVLGXHVKDYHEHHQVKRZQWREHKLJKO\HIIHFWLYHDWIRUPLQJVWDEOH
QDQRVWUXFWXUHV +RZHYHU GXH WR WKHLU OLPLWHG VL]H LW LV D FKDOOHQJH WR LQWURGXFH SHSWLGH
VHTXHQFHVWKDWDUHELRDFWLYH&KHPLFDOIXQFWLRQDOLW\DULVLQJIURPWKHOLPLWHGDPLQRDFLGVLGH
FKDLQVDYDLODEOHWRWKLVDSSURDFKVXFKDV1+&22+DQG±2+KDVEHHQXVHGWRVWXG\LI
WKH\FDQLPSURYHWKHVFDIIROGFRPSDWLELOLW\ZLWKGLIIHUHQWFHOOW\SHV7RGRWKLV)PRFDPLQR
DFLGVVXFKDV)PRF.5 &+1+)PRF'5 &+&22+DQG)PRF65 &+2+
ZHUHPL[HGZLWKWKHVWUXFWXUDOO\HIIHFWLYHEXWELRORJLFDOO\LQHUW)PRF))WRIRUPK\GURJHOV
)LJXUH$>@





)LJXUH)XQFWLRQDOLVLQJWKHSHSWLGHVFDIIROG$)XQFWLRQDOLVLQJPLQLPDOLVWDPLQRDFLGVHTXHQFHV
E\PL[LQJLQFKDUJHGUHVLGXHVD&KHPLFDOVWUXFWXUHVDQGEDUHSUHVHQWDWLRQRIWKHIRXUK\GURJHOV
%&RPSDULVRQRI)PRF)))PRF)).)PRF))6)PRF))'LQ'FXOWXUHRI
FKRQGURF\WHVEODFN7ILEUREODVWVJUH\DQG+')VZKLWH7KHLQWURGXFWLRQRI)PRFVHULQHDQG
)PRFDVSDUWLFDFLGZHUHIDUPRUHHIIHFWLYHLQFHOOFXOWXUHWKDQWKHDURPDWLF)PRF)DQGWKHEDVLFO\VLQH
>@
7KHVHK\GURJHOVIRUPHGȕVKHHWVWUXFWXUHDQGZHUHDOOVRIWHUWKDQ)PRF))ZLWKD*¶IURP
3D )PRF))' WR  N3D )PRF)) VXJJHVWLQJ D GLVUXSWLRQ LQ VWUXFWXUH &HOO FXOWXUH
H[SHULPHQWVVKRZHGWKDWERYLQHFKRQGURF\WHVVXUYLYHGLQDOOWKHIRXUK\GURJHOVDQGLQZKLFK
)PRF))6DQG)PRF))'FRXOGVXSSRUWKXPDQGHUPDOILEUREODVWV+')DQG)PRF))6
ZDVWKHRQO\JHOW\SHWKDWVXSSRUWHGYLDELOLW\IRUDOOWKUHHFHOOW\SHVWHVWHGERYLQHFKRQGURF\WHV
PRXVH7ILEUREODVWVDQG+'))LJXUH%,QDQH[WHQVLRQRIWKLVZRUN8OLMQDQGFR
ZRUNHUVDOVRPDGHDPL[WXUHRIWZRDURPDWLFSHSWLGHV)PRF5*'DQG)PRF))DQGIRXQG
WKDWZLWKFRPELQLQJ)PRF))5*'JHOV*¶ N3DDUHVWLIIHUWKDQ)PRF
))*¶§N3D>@7KHJHOZLWK)PRF5*'LQFRUSRUDWHGKDGWKHPD[LPXP*¶RI
N3DZKLOHZKHQ)PRF5*'FRQWHQWZDVRYHUWKHJHOZDVVRIWHUWKDQ)PRF))
7KHVH UHVXOWV GHPRQVWUDWH WKDW WKHUH DUH FRPSOLFDWHG UHODWLRQVKLSV EHWZHHQ PROHFXODU
FRPSRVLWLRQVXSUDPROHFXODUDUUDQJHPHQWDQGK\GURJHOSURSHUWLHV'FHOOFXOWXUHH[SHULPHQWV
RQ)PRF))5*'VFDIIROG)PRF5*'VKRZHGZKLFKZDVDEOHWRSURPRWHWKHDGKHVLRQ
DQG VXEVHTXHQWO\ WKH VSUHDGLQJ DQG SUROLIHUDWLRQ RI FHOOV 0L[HGSHSWLGH PD\ RIIHU DQ




HFRQRPLFDO DSSURDFK HVSHFLDOO\ ZKHQ RQH SHSWLGH HSLWRSH LQ WKLV V\VWHP FDQQRW IRUP
VXSUDPROHFXODUVWUXFWXUH>@

(IIRUWVKDYHDOVREHHQPDGHWRLQFRUSRUDWHWKHIXQFWLRQDOLW\RIZKROH(&0SURWHLQVWKDWDUH
ELRORJLFDOO\DFWLYH WKURXJKVXSUDPROHFXODU LQWHUDFWLRQV >@$ WULSHSWLGH)PRF/ZDV
HQ]\PDWLFDOO\FDWDO\VHGWRSURGXFHILEUHVZLWKDKLJKGHQVLW\RIOHXFLQHHQVXULQJDK\GURSKRELF
VXUIDFHZDVSUHVHQWHGE\WKHILEULOV7KLVZDVXVHGWRELQGWKH(&0SURWHLQODPLQLQLQDPDQQHU
DQDORJRXVWRDPDFURPROHFXOHPDFURPROHFXOHLQWHUDFWLRQ>@0RUHUHFHQWO\W\SHǿFROODJHQ
ZDV LQFRUSRUDWHG LQWRD3$QDQRILEUHVZLWK WKH,.9$9DQG<,*65HSLWRSHSUHVHQWRQ WKH
VXUIDFH+RPRJHQHRXVILEUHVZHUHIRUPHGZLWKQPLQGLDPHWHUWKDWXQGHUSLQWKHVFDIIROG
' FHOO FXOWXUH ZLWK WZR PDMRU QHXURQDO VXEW\SHV RI FHUHEHOODU FRUWH[ JUDQXOH FHOOV DQG
3XUNLQMH FHOOV VKRZHG GLVWLQFW UHVSRQVH WR WKH FKDQJH RI HSLWRSH FRQFHQWUDWLRQ'XH WR WKH
DELOLW\WRPRGXODWHQHXURQVXUYLYDODQGPDWXUDWLRQE\HDV\PDQLSXODWLRQRIHSLWRSHGHQVLW\
WKLVZRUNRIIHUVDYHUVDWLOHPHWKRGWRUHVHDUFKWKHFRQWULEXWLRQRI(&0WRQHXURQGHYHORSPHQW
DQGWKHGHVLJQRIRSWLPDOQHXURQDOVFDIIROGELRPDWHULDOV>@
 8VLQJVHOIDVVHPEOLQJSHSWLGHVFDIIROGDVFHOOWKHUDS\in vivo
7KHXOWLPDWHJRDOIRUFHOOWKHUDS\LVWRWUDQVIHUFHOOVWRWKHKXPDQERG\VRWKHin vivoVWXG\RI
6$3VFDIIROGLVHVVHQWLDOIRUWKLVSXUSRVH2QHRIWKHPDMRUUHDVRQVLVin vitroFHOOFXOWXUHKDV
OLWWOHUHODWLRQVKLSWRWKHG\QDPLFQDWXUDOFHOOXODUHQYLURQPHQW)RUin vivoDSSOLFDWLRQVWKHVHOI
DVVHPEO\SURFHVVRFFXUVHLWKHUin vitroRUWKHSHSWLGHLQVROXWLRQPL[HGZLWKFHOOVDQGVLJQDOV
DVVHPEOLQJ in vivo )LJXUH $ >@ 7KH\ PXVW EH WUDQVIHUUHG E\ D PLQLPDOO\ LQYDVLYH
GHOLYHU\ YHFWRU VXFK DV PLFURLQMHFWLRQ 7KHQ WKH SHSWLGH VFDIIROGV FRPPXQLFDWH ZLWK WKH
LPSODQWHG FHOOV PHFKDQLFDOO\ VXSSRUWLQJ WKH KRVW WLVVXH DWWHQXDWLQJ WKH LPPXQH UHVSRQVH
DQGRUDOORZLQJWKHPLJUDWLRQLQWRWKHVFDIIROGRIQDWLYHFHOOV)LJXUH%>@$UDQJHRI




SHSWLGHVFDIIROGVKDYHEHHQXVHGin vivoDQGVKRZQVLJQLILFDQWSRWHQWLDODVDGMXYDQWVFDIIROGV
IRUWLVVXHHQJLQHHULQJ

)LJXUH  7ULJJHULQJ 6$3 VFDIIROGV IRU ' FHOO FXOWXUH  $ 6FKHPDWLF LOOXVWUDWLQJ WKH JHQHUDO
PHWKRGRORJ\±HLWKHUFHOOVDUHFXOWXUHGRQDSUHIRUPHG6$3K\GURJHORUWKHEXLOGLQJEORFNVDQGFHOOV
DUHFRDVVHPEOHG2QFHin vivoWKHPDWHULDOVXSSRUWVWKHJURZWKRIWKHWUDQVSODQWHGFHOOVILOOVDYRLG
DQGLQWHUDFWVZLWKWKHVXUURXQGLQJWLVVXH%8VLQJWKHKRVWHQ]\PHVWRWULJJHUDVVHPEO\RIȕDPLQR
DFLGV D $ FDUWRRQ WR LOOXVWUDWH WKH SURFHVV RI XVLQJ SKRVSKDWDVH WR FRQWURO WKH EDODQFH EHWZHHQ
K\GURSKLOLFDQGK\GURSKRELFLQWHUDFWLRQZKLFKZLOOOHDGWRWKHIRUPDWLRQRIVXSUDPROHFXODUK\GURJHO
in vivoE7KHFKHPLFDOVWUXFWXUHRIWKHPROHFXOHIRUK\GURJHODWLRQDQGWKHHQ]\PDWLFFRQYHUVLRQ
 %RQHUHJHQHUDWLRQ
7KHXVHRI6$3VFDIIROGVWRGHOLYHUJURZWKIDFWRUVKDVDVLJQLILFDQWXWLOLW\LQERQHUHSDLU%RQH
GHIHFWVDUHFRPPRQSUREOHPVDQGWKH\DUHGLIILFXOWWRFXUHZLWKFXUUHQWWKHUDSLHV7KHUDSHXWLF
SURWHLQV VXFKDVPRUSKRJHQHWLFSURWHLQV WUDQVIRUPLQJJURZWK IDFWRUȕ DQGEDVLF ILEUREODVW
JURZWKIDFWRUQHHGWREHGHOLYHUHGin vivo GXHWRWKH\FDQLQGXFHERQHIRUPDWLRQ+RZHYHUWKH
XVHRIWKHVHSURWHLQVDORQHUHTXLUHVODUJHDPRXQWRISURWHLQGXHWRWKHLUVKRUWKDOIOLYHVin vivo
$'K\EULG6$3FROODJHQVFDIIROGZDVHQJLQHHUHGWRUHOHDVHJURZWKIDFWRUVXVWDLQDEO\$IWHU
LPSODQWLQJWKH3$K\EULGSHSWLGHVFDIIROGLQWRWKHEDFNVRIUDWVKRPRJHQHRXVERQHIRUPDWLRQ
ZDVPRUSKRORJLFDOO\REVHUYHG WKURXJKRXW WKHK\EULG VFDIIROGV7KH UHVXOWV VKRZHG WKDW WKH
LQFRUSRUDWLRQ RI EDVLF ILEUREODVW JURZWK IDFWRU FRPELQHG LQ D VHOIDVVHPEOHG 3$ QDQRILEUH




K\EULGVFDIIROGLVDSURPLVLQJPHWKRGWRSURPRWHERQHIRUPDWLRQZLWKRXWUHTXLULQJDXWRORJRXV
ERQHJUDIWV)LJXUH$>@

)LJXUH6$3VFDIIROGVXVHGDVUHJHQHUDWLYHPHGLFLQHIRUWLVVXHHQJLQHHULQJ $+HSDULQOLNH
VLJQDOVHQFRXUDJHDQJLRJHQHVLV(OHFWURQPLFURJUDSKVRIHQGRWKHOLDOVSURXWLQJDQGWXEHIRUPDWLRQRQ
KHSDULQPLPHWLF 3$ PDWUL[ /HIW (QGRWKHOLDO FHOOV LQWHUDFW ZLWK WKH ¿EURXV QHWZRUN DQG IRUP
SRO\JRQDOVWUXFWXUHV5LJKW(QGRWKHOLDOVSURXWLQJVDUHFOHDUO\REVHUYHGLQWHUDFWLQJZLWKWKH3$PDWUL[
%3ULPDU\PRXVHFHUHEHOODUJUDQXOHQHXURQVSURMHFW H[WHQVLYHQHXULWHVRQVFDIIROGV7KHFRQIRFDO
LPDJHVVKRZEULJKWGLVFUHWHJUHHQODEHOOLQJLQGLFDWLYHRIV\QRSWLFDOO\DFWLYHPHPEUDQHV&+LVWRORJLF
FURVVVHFWLRQVRIHFWRSLFDOO\IRUPHGERQHZHHNVDIWHU LPSODQWDWLRQRIFROODJHQVSRQJHVUHLQIRUFHG
ZLWKLQFRUSRUDWLRQRI3*$ILEUHLQFRUSRUDWHGZLWKSHSWLGHDPSKLSKLOHOHIWEDVLFILEUREODVWJURZWK
IDFWRU ULJKW DQG VHOIDVVHPEOHG 3$ QDQRILEHUV K\EULG VFDIIROG ' 1DQRILEURXV 6$3 PDWULFHV
HQFRXUDJHWKHIRUPDWLRQRIQHZDUWHULROHVLQWKHP\RFDUGLXPWKDWKDVVXIIHUHGDQLQIDUFWLRQVKRZVWKH
FRQWUROOHIWZKHUHDVLQWKHSUHVHQFHRIWKH6$3VPRRWKPXVFOHFHOOVFDQEHFOHDUO\VHHQ60D
JUHHQFDUGLRP\RF\WHVUHGDQGQXFOHLEOXHDWWKHLQIDUFWERUGHU]RQHIURPHDFKJURXS
 &DUWLODJHUHSDLU
6$3VFDIIROGVKDYHDOVREHHQDSSOLHGLQWKHFDUWLODJHUHJHQHUDWLRQ$WULSHSWLGH./'VROXWLRQ
ZDVPL[HGZLWKERQHPDUURZVWHPFHOOVJURZWKIDFWRUVDQGDQDQWLLQIODPPDWRU\DJHQW7KLV
VROXWLRQZDV LQMHFWHG LQWR VNHOHWDOO\PDWXUH UDEELWPRGHOZLWK D IXOO VL]HG FDUWLODJH GHIHFW
ZKHUHXSRQWKH6$3DVVHPEOHGLQUHVSRQVHWRWKHSK\VLRORJLFDOHQYLURQPHQWILOOLQJWKHGHIHFW
DQGHQFDSVXODWLQJWKHFHOOV>@7KHUHVXOWVVKRZWKDWFROODJHQȆDQG6DIUDQLQOSURGXFWLRQ
ZHUH LPSURYHG DQG WKH GHIHFW UHSDLUHG VLJQLILFDQWO\ DOORZLQJ IXQFWLRQDO UHFRYHU\
$GGLWLRQDOO\ WKH PHFKDQLFDO SURSHUWLHV RI SHSWLGH JHOV FDQ KDYH D VLJQLILFDQW WKHUDSHXWLF




EHQHILW$QPHUSHSWLGHZKLFKPLPLFVK\DOXURQLFDFLGKDVEHHQIRXQGWREHDQHIIHFWLYH
OXEULFDQW>@,WFDQUHGXFHIULFWLRQDQGLQGXFHOXEULFDWLRQHIIHFWLYHO\ZKLFKVKRZVWKDW6$3V
PD\EHXVHGDVDQDOWHUQDWHWKHUDSHXWLFOXEULFDQWIRURVWHRDUWKULWLV
 0\RFDUGLXP
+HDUWIDLOXUHLVRQHRIWKHPDMRUFDXVHVRIGHDWKLQ:HVWHUQFRXQWULHVDQGLVH[SHFWHGWREHFRPH
D JOREDO HSLGHPLF ZLWKLQ WKH WZHQW\ILUVW FHQWXU\ 6$3 K\GURJHO VFDIIROGV KDYH EHHQ
LQYHVWLJDWHGWRLPSURYHWKHVXUYLYDORILPSODQWHGFHOOVIRUP\RFDUGLDOUHVWRUDWLRQ$K\GURJHO
PDGHRI5$'SHSWLGHVDUHVWDEOHLOOLFLWQRLQIODPPDWLRQDIWHULPSODQWDWLRQDQGVXSSRUWWKH
PLJUDWLRQRIFHOOVLQWRWKHP\RFDUGLXP>@7KHVH6$3QDQRILEUHVZHUHWKHQXVHGWRGHOLYHU
ELQGLQJ WRSODWHOHWGHULYHGJURZWK IDFWRU%% 3'*)%%5HVXOWV VKRZ WKDW WKHQDQRILEUHV
PDLQWDLQHG GHOLYHU\ RI 3'*)%% IRU  GD\V ZLWK HQKDQFHG FHOO YLDELOLW\ DQG LPSURYHG
V\VWROLF IXQFWLRQ DIWHU P\RFDUGLDO LQIDUFWLRQ >@ $JDLQ XVLQJ 6$3 VFDIIROGV WR GHOLYHU
YDVFXODUHQGRWKHOLDOJURZWKIDFWRU9(*)KDVEHHQXVHGIRUWKHWUHDWPHQWRISRVWLQIDUFWLRQ
QHRYDVFXODULVDWLRQ LQ UDWV5HVXOWV VKRZHG WKDW6$39(*) LQMHFWLRQGUDPDWLFDOO\ LPSURYHG
DUWHULRJHQHVLVDQGFDUGLDFSHUIRUPDQFHLQWKHGD\VDIWHUP\RFDUGLDOLQIDUFWLRQ)LJXUH%
>@
 1HXUDOUHJHQHUDWLRQ
6$3 VFDIIROGV VKRZ SRWHQWLDO IRU WKH UHJHQHUDWLRQ RI QHXURQDO FHOOV DV WKH VRIW K\GURJHO
PDWHULDOV DUH VLPLODU LQPRUSKRORJ\ DQGPHFKDQLFDO SURSHUWLHV WR WKHEUDLQ=KDQJ DQG FR
ZRUNHUVGHYHORSHG5$'ǿDQG5$'Ȇ5HVXOWVVKRZHGWKDW WKHVFDIIROGVZHUHDEOHWR
VXSSRUWQHXURQDOFHOODWWDFKPHQWDQGGLIIHUHQWLDWLRQ)XUWKHUPRUHH[WHQVLYHQHXULWHRXWJURZWKV
IROORZHGWKHSURILOHVRIWKHVFDIIROGDQGZHUHDEOHWRIRUPDFWLYHV\QDSWLFFRQQHFWLRQVLQUDWV
VKRZLQJ WKHSRWHQWLDO IRU JXLGHG UHJHQHUDWLRQ ,PSRUWDQWO\ WKHVHSHSWLGHV GLGQRW LQGXFH D
QRWLFHDEOHLPPXQHUHVSRQVHin vivo)LJXUH&>@,QDQH[WHQVLRQRIWKLVZRUN&KHQJ




et al.DWWDFKHG ODPLQLQGHULYHG,.9$9PRWLIRQ WKH&WHUPLQDORI WKHDVVHPEOLQJIUDJPHQW
5$'$K\GURJHOLQRUGHUWRSURYLGHDIXQFWLRQDOLVHGVFDIIROGWRGHOLYHUHQFDSVXODWHGQHXUDO
VWHPFHOOV16&VWRGHIHFWVZLWKLQWKHLQMXUHGEUDLQ>@7KHK\GURJHOIRUPHGELOD\HUȕVKHHW
VWUXFWXUHZLWKPHFKDQLFDOSURSHUWLHVVLPLODUWREUDLQWLVVXH7KHUHVXOWVin vitroKDYHVKRZQ
WKDWWKHH[WHQGHGSHSWLGHVHTXHQFHFDQEHXVHGWRJXLGH16&VDGKHVLRQDQGGLIIHUHQWLDWLRQ
:KHQ WULDOV in vivoZHUH FRQGXFWHGRQD UDWEUDLQ VXUJHU\PRGHO UHVXOWV VKRZHG WKDW WKH
LQMHFWHGSHSWLGHVROXWLRQUDSLGO\in situDQGIRUPHG'K\GURJHOILOOHGWKHFDYLW\ZLWKRXWYRLG
IRUPDWLRQDVZDVREVHUYHGWRHQKDQFHFHOOYLDELOLW\DQGGHFUHDVHGJOLDODVWURF\WHIRUPDWLRQ
$OWKRXJKERWK5$'$DQG5$'$,.9$9K\GURJHOVVXSSRUWHGWUDQVSODQWHG16&VVXUYLYDO
JURZWKDQGGLVWULEXWLRQ16&VWHQGHGWRGLIIHUHQWLDWHLQWRPDWXUHQHXURQDOFHOOVLQWKH5$'$
,.9$9 VFDIIROG ZKLOH WKH\ ZHUH PRUH OLNHO\ WR EHFRPH DVWURJOLD FHOOV LQ WKH QRQ
IXQFWLRQDOLVHG 5$'$ PDWULFHV KLJKOLJKWLQJ WKH HIIHFW RI WKH HSLWRSH ,.9$9 RQ 16&V
SHUIRUPDQFHin vivo
 $QJLRJHQHVLV
$QJLRJHQHVLV RU UHYDVFXODULVDWLRQ LV RQH RI WKH PRVW LPSRUWDQW SURFHVVHV UHTXLUHG IRU
IXQFWLRQDO WLVVXH IRUPDWLRQ LQ RUGHU WR HQVXUH D JRRG VXSSO\ RI QXWULHQWV R[\JHQ DQG WKH
UHPRYDORIWR[LFPHWDEROLWHV*XOHUet al.V\QWKHVLVHGVHYHUDOKHSDULQPLPHWLFDQGELQGLQJ3$
PROHFXOHV WR JLYH IXQFWLRQDOLVHG QDQRILEURXV VFDIIROGV 7KH IRUPDWLRQ RI QHZ YHVVHO ZDV
LQGXFHGin vitroDQGDOVRLQ6SUDJXH'DZOH\UDWVUREXVWYDVFXODULVDWLRQZDVREVHUYHGLQUDWV
GXH WR WKHELRDFWLYH LQWHUDFWLRQVEHWZHHQWKHQDQRILEUHVDQGWKHERXQGJURZWKIDFWRUV7KLV
KHSDULQPLPHWLFSHSWLGHQDQRILEUHVSURYLGHQHZYLHZVIRUDQJLRJHQHVLVDQGWLVVXHUHJHQHUDWLRQ
ZLWKRXWUHVRUWWRV\QWKHWLFKHSDULQDQGH[RJHQRXVJURZWKIDFWRUV)LJXUH'>@




 0XVFOHUHJHQHUDWLRQ
7KH SUHVHQFH RI 'XFKHQQH¶V PXVFXODU G\VWURSK\ '0' LV GXH WR ODFN RI ODPLQLQ LQ WKH
EDVHPHQW PHPEUDQH 6$3 VFDIIROG KDV EHHQ XVHG IRU WKH WUHDWPHQW RI '0' XVLQJ D
SHSWLGHSURWHLQODPLQLQPDWUL[LQDG\VWURSKLF]HEUDILVKPRGHO7KHHQ]\PHDVVLVWHG)PRF
WULOHXFLQH)PRF/IRUPHGZHOORUGHUHGQDQRILEUHV)LJXUH$ZLWKSHSWLGHVLGHFKDLQV
RYHU WKH VXUIDFH DQG SURYLGLQJ D K\GURSKRELF PLFURHQYLURQPHQW 7KLV SHSWLGHSURWHLQ '
VFDIIROGUHWDLQHGLWVQDQRVWUXFWXUHIRUVHYHUDOGD\VZLWKQRJUHDWLQIODPPDWLRQZKHQLQWURGXFHG
WRWKH]HEUDILVKXVLQJPLFURLQMHFWLRQ)LJXUH%	&>@

)LJXUH5HWHQWLRQRIQDQRVFDOHILEULOVin vivo$7(0PLFURJUDSKRIQDQRILEUHVDUURZDWWKH
VLWH RI LPSODQWDWLRQ VKRZLQJ D GLDPHWHU RI  QP % 1DQRILEUHV DUURZ DGMDFHQW WR EDVHPHQW
PHPEUDQH DUURZKHDGV LQVLGH WKHPXVFXODWXUH &1DQRILEUHV DUURZ RQ WKH H[WUDFHOOXODU VLGH RI
PXVFOHILEUHWHUPLQL$VDUFRPHUHZKLWHDUURZKHDGFDQEHVHHQRQWKHLQWUDFHOOXODUVLGHRIWKHWHUPLQDO
PHPEUDQHEODFNDUURZKHDG
 )XWXUH3HUVSHFWLYHV
7KHFKHPLFDOO\DQGPRUSKRORJLFDOO\ULFKVFDIIROGVIRUPHGIURPWKHDVVHPEO\RISHSWLGHVDQG
SHSWLGHFRQWDLQLQJPDWHULDOVDUHH[FHOOHQWFDQGLGDWHVIRUELRPDWHULDOV7KLVLVPRVWO\GXHWRWKH
VWUXFWXUDOPRGLILFDWLRQVLQKHUHQWELRFRPSDWLELOLW\DQGELRGHJUDGDELOLW\RISHSWLGHVHTXHQFHV
>@1DWLYH WLVVXHV KDYH D YDULHG UDQJHRIPRUSKRORJLHV DQGSK\VLRORJLFDO SURSHUWLHV WKHVH




IHDWXUHVDIIHFWFHOOVXUYLYDOPLJUDWLRQDQGSUROLIHUDWLRQ>@7KHVHVWUXFWXUHVDUHIRUPHGvia
VXSUDPROHFXODUDVVHPEO\7KHUHIRUHE\ WDNLQJLQVSLUDWLRQIURPWKHVHSURFHVVHVUHVHDUFKHUV
FDQKRSHWRDFKLHYHDSSOLFDWLRQVSHFLILFFRQWURORYHUWKHHQGRJHQRXVFHOOEHKDYLRXUVWKURXJK
HIIHFWLYHELRPLPLFU\RIWKHELRFKHPLFDODQGPHFKDQLFDOPLFURHQYLURQPHQW7KHLUWULJJHUHGin 
situ DVVHPEO\ XQGHUPLOG SK\VLRORJLFDO FRQGLWLRQV DOVR HQDEOHV HDV\ LQFRUSRUDWLRQ RI FHOOV
GXULQJIRUPDWLRQDQGWKHSRWHQWLDODVPLQLPDOO\LQYDVLRQLQMHFWDEOHWKHUDSLHV>@5HFHQWO\
D JUHDWHU XQGHUVWDQGLQJ RI WKH VWUXFWXUDO GHVLJQ DQG VHOIDVVHPEO\ SURFHVVHV KDV DOORZHG
VSHFLILF PRGLILFDWLRQV WR EH PDGH WR WKHVH PDWHULDOV IRU WKH VSHFLILF UHTXLUHPHQWV IRU
DSSOLFDWLRQVLQUHJHQHUDWLYHPHGLFLQH$GGLWLRQDOO\ZKLOHWKHXVHRI6$3VKDYHODUJHO\EHHQ
OLPLWHGWRVRIWWLVVXHHQJLQHHULQJWKHGHYHORSPHQWRIK\EULGV\VWHPVPD\SURYLGHDQLQWHUHVWLQJ
URXWHLQH[WHQGLQJWKHLUDSSOLFDWLRQV+RZHYHULWKDVEHFRPHFOHDUWKDWWKHQH[WJHQHUDWLRQRI
WKHVH PDWHULDOV PXVW PRUH DFFXUDWHO\ PLPLF WKH QDWXUDO (&0 WKURXJK WKH LQWURGXFWLRQ RI
IHDWXUHVRYHUVHYHUDOOHQJWKVFDOHVDVELRORJ\LVRUGHUHGKLHUDUFKLFDOO\WKH\PXVWDOVREHFRPH
PRUHG\QDPLFDVWKH\QHHGWREHDEOHWRFKDQJHRYHUWLPHDQGLQUHVSRQVHWRWKHGHYHORSPHQWDO
UHTXLUHPHQWVRI WKHV\VWHPV,QFRQFOXVLRQWKHFRPSOHWHSRWHQWLDORI6$3VFDIIROGVIRUFHOO
WKHUDS\ DQG WLVVXH HQJLQHHULQJ KDV QRW \HW WR EH IXOO\ UHDOLVHG WKHLU PXOWLIXQFWLRQDOLW\ LQ
SURGXFLQJWDLORUHGELRORJLFDOO\DFWLYHODQGVFDSHZDUUDQWVIXUWKHUUHVHDUFK
 




&KDSWHU 0DWHULDOVDQG0HWKRGV




7KLV FKDSWHU JDYH D GHWDLOHG GHVFULSWLRQ RI WKH PDWHULDOV DQG H[SHULPHQWDO PHWKRGV XVHG
WKURXJKRXWWKLVUHVHDUFK$OOSHSWLGHV\QWKHVLVK\GURJHOIRUPDWLRQVSHFWURSKRWRPHWU\DQDO\VLV
ZHUHGRQHDWWKHODEVRI&HQWUHIRU&KHPLVWU\DQG%LRFKHPLVWU\'HDNLQ8QLYHUVLW\5KHRORJ\
H[SHULPHQWVGLIIHUHQWLDOVFDQQLQJFDORULPHWU\'6&WUDQVPLVVLRQHOHFWURQPLFURVFRS\7(0
DQGDWRPLFIRUFHPLFURVFRS\$)0DQGQXFOHDUPDJQHWLFUHVRQDQFH105ZHUHSHUIRUPHG
DWWKHODEVRI,QVWLWXWHIRU)URQWLHU0DWHULDOV,)0'HDNLQ8QLYHUVLW\$OOFHOOFXOWXUHZRUN
ZDVGRQHDW WKH ODEVRI6FKRRORI0HGLFLQH'HDNLQ8QLYHUVLW\)DFLOLWLHV DW WKH$XVWUDOLDQ
6\QFKURWURQZHUHXVHGWRFRPSOHWHWKHVPDOODQJOH;UD\VFDWWHULQJ6$;6DQDO\VLVDQGVPDOO
DQJHO QHXWURQ VFDWWHULQJ 6$16 H[SHULPHQW ZDV SHUIRUPHG DW WKH ,// *UHQREOH )UDQFH
)LQDOO\DOOin vivoVWXGLHVZHUHSHUIRUPHGDWWKH)ORUH\,QVWLWXWHRI1HXURVFLHQFHDQG0HQWDO
+HDOWK),10+7KH8QLYHUVLW\RI0HOERXUQH




 )PRF6$36\QWKHVLVDQG&KDUDFWHULVDWLRQ
 6ROLGSKDVHSHSWLGHV\QWKHVLV
3HSWLGHVZHUHV\QWKHVLVHGXVLQJVROLGSKDVHSHSWLGHV\QWKHVLV6336RQDPPROVFDOHLQD
JODVVUHDFWLRQYHVVHOZLWKVLQWHUHGJODVVILOWHU%ULHIO\WKH)PRF3KHZDQJUHVLQ*/%LRFKHP
6KDQJKDL&KLQDZDVVZHOOHGLQGHK\GUDWHG11GLPHWK\OIRUPDPLGH'0)IRUPLQWKHQ
WKHUHDFWLRQYHVVHOZDVKHGWLPHVHDFKWLPHZLWK'0)P/P/SLSHULGLQHLQ'0)
ZDVDGGHGWRWKHUHVLQIRUWKHGHSURWHFWLRQRIWKHDPLQHWHUPLQXVE\URWDWLQJWKHUHDFWLRQYHVVHO
IRUPLQWKHQZDVKHGZLWK'0)$.DLVHUWHVWZDVSHUIRUPHGWRFRQILUPWKHSUHVHQFHRI
IUHHDPLQHJURXSVDIWHUZDVKLQJDZD\UHVLGXDOZLWK'0)DQGGLFKORURPHWKDQH'&0DQG
WKHQWKHUHVLQZDVZDVKHGDJDLQZLWK'0),QWKHFRXSOLQJVWDJHPPRO)PRFDPLQRDFLG
 PPRO +%HQ]RWULD]ROH\O7HWUDPHWK\OXURQLXP KH[DIOXRURSKRVSKDWH
+%78 */ %LRFKHP 6KDQJKDL &KLQD  PPRO K\GUR[\EHQ]RWULD]ROH +2%W */
%LRFKHP 6KDQJKDL &KLQD DQG  PPRO 11GLLVRSURS\OHWK\ODPLQH ',3($ 6LJPD
$OGULFK&DVWOH+LOO16:$XVWUDOLDZHUHDGGHGWRDJODVVYLDODQGGLVVROYHGLQP/'0)
7KHVROXWLRQZDVSUHDFWLYDWHGE\VKDNLQJWKHYLDOYLROHQWO\IRUPLQDQGWKHQWKLVUHDFWDQW
ZDVWUDQVIHUUHGLQWRWKHUHDFWLRQYHVVHODQGUHDFWHGIRUK$IWHUFRXSOLQJWKHUHDFWLRQYHVVHO
ZDVGUDLQHGDQGWKHUHVLQZDVZDVKHGZLWK'0)IROORZHGE\DQRWKHU.DLVHUWHVWWRFRQILUP
WKHDEVHQFHRIIUHHDPLQHJURXSV$IWHUFRPSOHWLRQRIWKHSHSWLGHVHTXHQFHE\UHSHWLWLRQRIWKH
DERYHVWHSVWKHUHVLQZDVZDVKHGVL[WLPHVZLWKHWKDQRODQGWUDQVIHUUHGWRDJODVVYLDOZLWK
HTXDODPRXQWRIUHVLQWKHQGULHGXQGHUYDFXXPRYHUQLJKW,QWKHFOHDYDJHSURFHVVWKHSHSWLGH
ZDVFOHDYHGIURPWKHUHVLQZLWKDFRFNWDLOP/RIWULIOXRURDFHWLFDFLG7)$6LJPD
$OGULFK&DVWOH+LOO16:$XVWUDOLDWULHWK\OVLODQH7(66LJPD$OGULFK&DVWOH+LOO
16:$XVWUDOLDDQGZDWHUIRUKWKHFOHDUOLTXLGLQWKHERWWRPZDVWKHQILOWHUHGLQWRD
P/IDOFRQWXEHDQGSXUJLQJZLWKQLWURJHQJDVXQWLOWKHWRWDOYROXPHZDVP/7KHQP/




RI0+&OVROXWLRQZDVSUHSDUHGLQWRDP/FRQLFDOIODVNSODFHGRQDPDJQHWLFVWLUUHU
DQGVWLUDWUSPLQD&ZDWHUEDWKWKHQDGGWKHP/RISHSWLGH7)$PL[WXUHGURSZLVH
LQWRWKHP/+&OVROXWLRQRQWKHVWLUUHUSXUJLQJZLWKQLWURJHQDQGOHDYLQJWRVWLUIRUKLQ
RUGHUWRJHW7)$IUHHSHSWLGH)ROORZHGE\SUHFLSLWDWLRQLQGU\LFHFRROHGGLHWK\OHWKHU7KH
ZKLWHSUHFLSLWDWHZDVFROOHFWHGDQGGULHGXQGHUYDFXXPIUHH]HGULHUIRUKEHIRUHXVH3XULW\
RI )PRF)5*') ZDV !  DV GHWHUPLQHG E\ UHYHUVH SKDVH KLJK SHUIRUPDQFH OLTXLG
FKURPDWRJUDSK\$SSHQGL[,ࡳ6XSSOHPHQWDU\)LJXUH,
 )PRF6$3K\GURJHOSUHSDUDWLRQ
$OOVROXWLRQV WRPDNHK\GURJHOVXVHGIRU in vitroFHOOFXOWXUHDQG in vivoDQLPDOZRUNZHUH
VWHULOLVH ILOWHUHG XVLQJ D &RUQLQJ ERWWOHWRS YDFXXP ILOWHU V\VWHPV /LIH 7HFKQRORJLHV
0HOERXUQH9,&$XVWUDOLDZKHUHXSRQ WKH SHSWLGHZDV GLVVROYHG DQG DVVHPEO\ WULJJHUHG
XQGHUDVHSWLFFRQGLWLRQV3UHSUHSDUHGK\GURJHOZDVWKHQSODFHGLQWKHLQGLYLGXDOZHOOVRID
RUZHOOSODWH%'%LRVFLHQFHV1RUWK5\GH16:$XVWUDOLDDQGWKHQH[SRVXUHWR89OLJKW
IRUPLQXWHVWRVWHULOLVH
 *G/DFLGLILHGK\GURJHOIRUPDWLRQ
*G/ VROXWLRQ ZDV SUHSDUHG DV IROORZV EHIRUH K\GURJHO SUHSDUDWLRQ  PJ RI *G/ ZHUH
GLVVROYHG LQWR  P/ RI0LOL4 ZDWHU SXULILHG E\0LOL4 $GYDQWDJH $ 6\VWHP0HUFN
0LOLSRUH%D\VZDWHU9,&$XVWUDOLD7KHK\GURJHOIRUPDWLRQXVLQJ*G/PHWKRGLQ&KDSWHU
ZDVDVIROORZLQJPJRIFU\VWDOOLQH)PRF)5*')ZDVDGGHGWRDP/JODVVYLDO/
0LOL4ZDWHUDQG/1D2+0VROXWLRQZHUHDGGHGDQGYRUWH[HGXQWLOWKHSHSWLGHZDV
GLVVROYHG/RIPJP/*G/VROXWLRQZDVWKHQDGGHGDQGILQDOO\/03%6
VROXWLRQS+ZDVDGGHGWRVWDELOLVHWKHS+$OOK\GURJHOVZHUHSUHSDUHGZLWKLQPLQ




DIWHUWKHSUHSDUDWLRQRI*G/VROXWLRQ7KHUHVXOWLQJVROXWLRQZDVNHSWDWURRPWHPSHUDWXUHIRU
JHODWLRQWRWDOSHSWLGHFRQFHQWUDWLRQZW
 +&ODFLGLILHGVLQJOH)PRF6$3K\GURJHOIRUPDWLRQ
)PRF6$3VZHUHSUHSDUHGDWDSHSWLGHFRQFHQWUDWLRQRIPJP/DSSUR[LPDWHO\PJRI
WKHSHSWLGHZDVLQLWLDOO\GLVVROYHGLQȝ/RI0LOL4ZDWHUZLWKȝ/RI01D2+7KH
S+RIWKHSHSWLGHVROXWLRQZDVWKHQVORZO\UHGXFHGE\WKHGURSZLVHDGGLWLRQRI0+&O
$VLD3DFLILF6SHFLDOW\&KHPLFDOV/WG6\GQH\16:$XVWUDOLDXQWLOWKHS+RIWKHPHGLDZDV
DFKLHYHG W\SLFDOO\    ȝ/ 7KH VROXWLRQ ZDV FRQWLQXDOO\ YRUWH[HG WKURXJKRXW WKLV
SURFHVV 2QFH D JHO ZDV IRUPHG DW DSSURSULDWH S+  0 3%6 RU *LEFR '0(0 /LIH
7HFKQRORJLHV0HOERXUQH9,&$XVWUDOLDFRQWDLQLQJIHWDOERYLQHVHUXP)%6ZDVDGGHG
WRPDNHWKHJHOXSWRPJP/7KHS+RIWKH)PRF6$3VZDVPHDVXUHGXVLQJDPLFURSUREH
S+PHWHU
 0L[HG)PRF6$3K\GURJHOSUHSDUDWLRQ
7KHPL[HG)PRF6$3K\GURJHOXVHGLQ&KDSWHUFRQVLVWHGRIWZRGLIIHUHQWVLQJOH)PRF6$3
K\GURJHOV)PRF)5*')DQG)PRF',.9$9,QHDFKFDVHWKHVLQJOH)PRF6$3K\GURJHOV
ZHUHSUHSDUHGDVGHWDLOHGLQ6HFWLRQ7KHPL[HG)PRF6$3K\GURJHOZDVWKHQSUHSDUHG
WKURXJKWKHFRPELQDWLRQRIWKHVLQJOH)PRF6$3K\GURJHOVLQYROXPHWULFDOO\HTXDOUDWLRVRYHU
YRUWH[
 &RDVVHPEOHG)PRF6$3K\GURJHOSUHSDUDWLRQ
7KHFRDVVHPEOHG)PRF6$3K\GURJHOIRU&KDSWHUDQGZDVSUHSDUHGLQDVLPLODUPDQQHU
WR WKH VLQJOH)PRF6$3K\GURJHOVEXW WKH VLQJOHSHSWLGHXVHG LQK\GURJHOSUHSDUDWLRQZDV
UHSODFHGZLWKWZRGLIIHUHQWSHSWLGHV)PRF)5*')DQG)PRF3+651RU)PRF)5*')DQG




)PRF',.9$97KHVHSHSWLGHVZHUHFRPELQHGLQHTXDOPDVVUDWLRVWRDWRWDOPDVVRIPJ
+\GURJHOIRUPDWLRQZDVWKHQDFKLHYHGDVGHWDLOHGLQ6HFWLRQ
 &RDVVHPEOHG)PRF6$3IXFRLGDQK\GURJHOIRUPDWLRQ
7KHFRDVVHPEOHG)PRF6$3IXFRLGDQK\GURJHOIRU&KDSWHUDQGZHUHSUHSDUHGDV
IROORZLQJPHWKRGPJRIFU\VWDOOLQH)PRF)5*')DORQJZLWKPL[WXUHVRIRU
PJORZPROHFXODUZHLJKWIXFRLGDQ/0:)0DULQRYD7DVPDQLD$XVWUDOLDZHUHDGGHG
WR VHSDUDWH P/JODVV YLDOV O0LOOL4ZDWHUZDV DGGHG LQWR HDFK YLDO WKHQ S+ZDV
LQFUHDVHG E\ WKH DGGLWLRQ RI D PLQLPDO YROXPH RI  0 1D2+ ZLWK YRUWH[LQJ XQWLO D
WUDQVSDUHQWVROXWLRQZDVREWDLQHG7KHVROXWLRQZDVWKHQQHXWUDOLVHGWRS+viaGURSZLVH
DGGLWLRQRI0+&OZLWKYRUWH[LQJWRDYRLGSUHFLSLWDWLRQ)LQDOO\P03%6S+
RU'0(0ZDVDGGHGLQWRWKHVROXWLRQWREULQJWKHWRWDOYROXPHXSWRP/7KHVROXWLRQV
ZDVWKHQNHSWXQGLVWXUEHGDWURRPWHPSHUDWXUHIRUJHODWLRQWRWDOSHSWLGHFRQFHQWUDWLRQZDV
ZW
 0L[HG)PRF6$3IXFRLGDQK\GURJHO
,Q&KDSWHU  IRU WKH PL[HG )PRF6$3IXFRLGDQ K\GURJHO WKH )PRF6$3 K\GURJHO ZDV
IRUPHG DV GHVFULEHG LQ6HFWLRQ  WKHQ D VROXWLRQ RI IXFRLGDQ ZDV DGGHG  K SRVW
DVVHPEO\E\PL[LQJWRIXFRLGDQFRQFHQWUDWLRQDWPJP/
 &RDVVHPEOHG)PRF6$3YHUVLFDQFRQGLWLRQHGPHGLDK\GURJHOV
,Q&KDSWHU  WKH )PRF)5*')YHUVLFDQ K\GURJHO ZDV SUHSDUHG DV IROORZV PJ RI
)PRF)5*')ZHUHZHLJKWHGLQWRDP/JODVVYLDOVWKHQ/0LOL4ZDWHUZDVDGGHGLQWR
HDFKYLDOWKHQS+ZDVLQFUHDVHGE\WKHDGGLWLRQRIDPLQLPDOYROXPHRI01D2+ZLWK
YRUWH[LQJXQWLODWUDQVSDUHQWVROXWLRQZDVREWDLQHG7KHVROXWLRQZDVWKHQQHXWUDOLVHGWRS+
viaGURSZLVHDGGLWLRQRI0+&OZLWKYRUWH[LQJWRDYRLGSUHFLSLWDWLRQ)LQDOO\ôYROXPH




RI'0(0FRQWDLQLQJ)%6DQGóYROXPHRIYHUVLFDQFRQGLWLRQHGPHGLDFRQWDLQLQJ
)%6ZDVDGGHGLQWRWKHVROXWLRQWREULQJWKHWRWDOYROXPHXSWRP/)RUWKHFRQWUROJURXS
XVLQJHPSW\YHFWRUSF'1$FRQGLWLRQHGPHGLDWRUHSODFHYHUVLFDQFRQGLWLRQHGPHGLD
 +3/&
$JLOHQW7HFKQRORJLHV,QILQLW\ZLWKD'LRGH$UUD\'HWHFWRU'$'ZHUHXVHGIRU
WKHWHVWRI+3/&7KHHOXHQWVZHUH$0LOL4:DWHUDQG%DFHWRQLWULOHZLWKDSURJUDPPHRI
DFHWRQLWULOHYYDWPLQWRYYLQPLQWKHIORZUDWHZDVP/PLQ7KH
FROXPQWHPSHUDWXUHZDVDW&DQGLQMHFWLRQYROXPHZDV/6LJQDOVZHUHFROOHFWHGDW
QPQPDQGQPUHVSHFWLYHO\)RUWKHSUHSDUDWLRQRIVDPSOH/RISHSWLGH
K\GURJHOSHSWLGHFRQFHQWUDWLRQZWZDVGLOXWHGWR/XVLQJ0LOL4ZDWHUDFHWRQLWULOH
YYVROXWLRQ
 *G/WLWUDWLRQ
)RUWKH*G/WLWUDWLRQLQ&KDSWHUPJRIFU\VWDOOLQH)PRF)5*')ZDVDGGHGWRDP/
JODVVYLDO)RUWKHS+±WLPHDQDO\VLVRIK\GURJHOIRUPHGE\*G/PHWKRG/0LOL4ZDWHU
DQG/RI01D2+ZHUHDGGHGE\YRUWH[LQJXQWLOWKHSHSWLGHZDVWRWDOO\GLVVROYHG
/0LOL4ZDWHUZDVWKHQDGGHGLQWRWKHVROXWLRQ)LQDOO\/*G/VROXWLRQ
PJP/ZDVDGGHGWRPDNHWKHWRWDOYROXPHWR/7KHS+ZDVWKHQPRQLWRUHGRYHU
WLPHWRWDOSHSWLGHFRQFHQWUDWLRQZW
 &LUFXODUGLFKURLVPVSHFWURVFRS\
6SHFWUDRIK\GURJHOVZDVPHDVXUHGXVLQJD-DVFR-FLUFXODUGLFKURLVP&'VSHFWURPHWHU
ZLWKWKHEDQGZLGWKQPDQGLQWHJUDWLRQVV$PPTXDUW]FHOO6WDUQD3W\/WG%DXONKDP
+LOOV16:$XVWUDOLDZDVXVHG)PRF6$3K\GURJHOVZHUHGLOXWHGWRPDNHWKHILQDOSHSWLGH




FRQFHQWUDWLRQDWZWIRU&KDSWHUDQGZWIRU&KDSWHUZWIRU
&KDSWHUDQGZWIRU&KDSWHU$EDVHOLQHVFDQIRU0LOL4+2ZDVFRPSOHWHG
DQGVXEWUDFWHGIURPWKHREWDLQHGSHSWLGH&'VFDQV7KHGDWDZHUHFROOHFWHGWLPHVDQGDYHUDJH
YDOXHVZHUHXVHGIRUDOOWKHVDPSOHV
 )RXULHUWUDQVIRUPLQIUDUHGVSHFWURVFRS\
$1LFROHW  )RXULHU WUDQVIRUP LQIUDUHG VSHFWURVFRS\ )7,5 7KHUPR )LVKHU 6FLHQWLILF
0HOERXUQH9,&$XVWUDOLDZDVXVHGWRFROOHFWHGVSHFWUDXVLQJDWWHQXDWHGWRWDOUHIOHFWLRQ$75
PRGH  ȝ/ K\GURJHOVZHUH DSSOLHG GLUHFWO\ WR WKH$75 FU\VWDO DQG VFDQQHG EHWZHHQ WKH
ZDYHQXPEHUVRIDQGFP RYHUVFDQV$EDFNJURXQGVFDQRI3%6EXIIHUZDV
DSSOLHGEHIRUHVDPSOHV
 )OXRUHVFHQFHVSHFWURSKRWRPHWHU
)OXRUHVFHQFH HPLVVLRQ VSHFWUD ZHUH PHDVXUHG RQ D &DU\ (FOLSVH IOXRUHVFHQFH
VSHFWURSKRWRPHWHU$JLOHQW7HFKQRORJLHV$XVWUDOLD3W\/WG0HOERXUQH9,&$XVWUDOLDZLWK
OLJKWPHDVXUHGRUWKRJRQDOO\WRWKHH[FLWDWLRQOLJKW7KHHPLVVLRQEDQGZLGWKZDVVHWDWQP$
VFDQQLQJVSHHGRIQPPLQZDVXVHGZLWKDGDWDSLWFKRIQP([FLWDWLRQZDYHOHQJWK
ZDVDWQPDQGHPLVVLRQGDWDUDQJHEHWZHHQQPDQGQP$TXDUW]FXYHWWH6WDUQD
3W\ /WG %DXONKDP +LOOV 16: $XVWUDOLD RI  PP SDWK OHQJWK ZDV XVHG IRU VFDQQLQJ
6DPSOHVZHUHSUHSDUHGDWDSHSWLGHFRQFHQWUDWLRQRIZW
 5KHRPHWU\
$'LVFRYHU\+\EULG5KHRPHWHUV7$,QVWUXPHQWV1HZ&DVWOH'HODZDUH86$ZDVRSHUDWHG
DWFRQVWDQWVWUHVVZLWKDVWUDLQRIIRU&KDSWHUDQG&KDSWHUIRU&KDSWHU
DQG&KDSWHUIRU&KDSWHUDQG$QDPSOLWXGHVZHHSZDVSHUIRUPHGDQG




VKRZHGQRYDULDWLRQLQ*¶DQG*´XSWRDVWUDLQRI)UHTXHQF\VZHHSVZHUHSHUIRUPHG
RYHUDUDQJHEHWZHHQDQGUDGV7HPSHUDWXUHZDVPDLQWDLQHGDW&viaWKHXVHRI
3HOWLHU SODWH FRQWURO 6RDN WLPH ZDV  PLQ +\GURJHOV ZHUH SHUIRUPHG RQ D FRQHSODWH
JHRPHWU\  PP   ¶ ´ ZLWK D JDS RI  P $ ZDWHU WUDSZDV XVHG WR PLQLPLVH
HYDSRUDWLRQ
 $WRPIRUFHPLFURVFRS\
$WRPLFIRUFHPLFURVFRS\$)0LPDJHVRIWKHVDPSOHVZHUHREWDLQHGXVLQJD0XOWLPROGH
%UXNHU%LR6FLHQFHV&RUSRUDWLRQ86$)RUVDPSOHSUHSDUDWLRQK\GURJHOVZHUHGLOXWHGWRWKH
ILQDOSHSWLGHFRQFHQWUDWLRQDWZWIRU&KDSWHUDQGZWIRU&KDSWHU
DQGZWIRUFRDVVHPEOHG)PRF6$3IXFRLGDQVDPSOHZLWKIXFRLGDQFRQFHQWUDWLRQDW
PJDQGPJP/UHVSHFWLYHO\LQ&KDSWHU7KHQ/VDPSOHZDVDSSOLHGRQKLJKO\
RUGHUHGS\URO\WLFJUDSKLWH+23*VXEVWUDWHV63,6XSSOLHV86$WKHUHGXQGDQWVDPSOHVZHUH
DEVRUEHGE\SLSHWWH7KHWLSVXVHGZHUHVFDQDV\VWDLUSUREHVZLWKVLOLFRQWLSRQQLWULGHOHYHU
%UXNHU%LR6FLHQFHV&RUSRUDWLRQ86$7KH$)0ZDVRSHUDWHGLQSHDNIRUFH410PRGH
&DOLEUDWLRQRIGHIOHFWLRQVHQVLWLYLW\VSULQJFRQVWDQWDQGWLSUDGLXVRISUREHVZDVGRQHEHIRUH
VDPSOHLPDJLQJ6FDQVL]HZDVDWP
7UDQVPLVVLRQHOHFWURQPLFURVFRS\
-(2//D%WUDQVPLVVLRQHOHFWURQPLFURVFRS\7(0-(2//WG-DSDQDWDQRSHUDWLRQ
YROWDJHRI.YZDVXVHGIRU7(0LPDJHV$JDUODFH\FDUERQFRDWHGILOPVRQPHVK
FRSSHUJULGV(PJULG3W\/WG*XOIYLHZ+HLJKWV6$$XVWUDOLDZHUHXVHGDVVDPSOHKROGHU
)RUVDPSOHSUHSDUDWLRQK\GURJHOZDVGLOXWHGDWDILQDOFRQFHQWUDWLRQDWZWIRU&KDSWHU
DQGZWIRU&KDSWHUDQGQRIXUWKHUGLOXWLRQIRURWKHUFKDSWHUV7KHQ/RI
K\GURJHOZDVDSSOLHGRQWRWKHJULGDQGDOORZHGLWWRDEVRUEIRUVWKHQXVLQJVSOLW:KDWPDQ




ILOWHUSDSHU1RWRZLFNRIIH[FHVVIOXLG2QHGURSRIQHJDWLYHVWDLQ1DQR9DQ%LR6FLHQWLILF
3W\/WG86$ZDVSXWRQWRSDUDILOP³0´WKHQSXWWKHJULGRQWKHVWDLQZLWKFDUERQVLGHGRZQ
DQGDOORZHGWRVWDLQIRUPLQ7KHQGULHGLQDLUIRUPLQZLWKFDUERQVLGHXSDWODVWSXWWKH
JULGVLQWRJULGER[WROHDYHLWGU\RYHUQLJKW
 1XFOHDUPDJQHWLFUHVRQDQFH
$%UXNHU$9$1&(,,,0+]6WDQGDUG%RUHQXFOHDUPDJQHWLFUHVRQDQFH105%UXNHU
%LR6FLHQFHV&RUSRUDWLRQ86$ZDVXVHGWRFKHFNWKHPROHFXOHPRWLOLW\RI)PRF6$3SRVW
DVVHPEO\ )RU VDPSOH SUHSDUDWLRQ PJ RI )PRF)5*')ZDV DGGHG WR D JODVV YLDO DQG
GLVVROYHGLQP/RI'27KHS+ZDVLQFUHDVHGXVLQJIUHVKO\SUHSDUHG01D2'1D2+
LQ'2 DQG YRUWH[HG XQWLO D WUDQVSDUHQW VROXWLRQZDV REWDLQHG7KH UHVXOWLQJ VROXWLRQZDV
WUDQVIHUUHG WR D  PP 105 WXEH + FRUUHODWLRQ VSHFWURVFRS\ &26< KHWHURQXFOHDU
PXOWLSOHERQG FRUUHODWLRQ +0%& DQG KHWHURQXFOHDU VLQJOHTXDQWXP FRUUHODWLRQ +64&
VSHFWUD ZHUH FROOHFWHG RQ D %UXNHU $9$1&( ,,,  0+] )7105 VSHFWURPHWHU &
UHVRQDQFHVZHUHHOXFLGDWHGXVLQJERWK+0%&DQG+64&VSHFWURVFRS\
 6PDOODQJOH;UD\VFDWWHULQJ
6PDOODQJOH;UD\VFDWWHULQJ6$;6ZDVSHUIRUPHGXVLQJWKH6$;6:$;6EHDPOLQHDWWKH
$XVWUDOLDQ6\QFKURWURQ0HDVXUHPHQWVZHUHWDNHQDWDFDOLEUDWHGFDPHUDOHQJWKRIPP
ZLWKDQ;UD\HQHUJ\RI.H9c7KLVFDPHUDOHQJWKDOORZHGIRUWKHVFDWWHULQJ
YHFWRUqWREHPHDVXUHGDFURVVWKHUDQJHRIcWRc7KHGLIIUDFWLRQSDWWHUQZDV
UHFRUGHGRQD3LODWXV0GHWHFWRUPPîPPHIIHFWLYHSL[HOVL]HRIPî
PDQGSURFHVVHGXVLQJWKH$XVWUDOLDQ6\QFKURWURQ6FDWWHU%UDLQ6RIWZDUH+\GURJHOVZHUH
ORDGHGLQWRPPVHDOHGJODVVFDSLOODULHV3%6EDFNJURXQGVZHUHFROOHFWHGEHIRUHVDPSOHV
ZHUH ORDGHG (DFK WULSOLFDWHG VDPSOH DQG EDFNJURXQG ZDV VXEMHFWHG WR WKUHH VHFRQG




H[SRVXUHWLPHVDWPXOWLSOHSRVLWLRQVDORQJWKHFDSLOODU\5HSHDWPHDVXUHPHQWVZHUHVXPPHG
XVLQJ6FDWWHUEUDLQDQGqFDOLEUDWHGXVLQJDQ$J%HKVDPSOH7KHLQWHQVLW\ZDVQRUPDOLVHGDQG
VHWRQDQDEVROXWHVFDOHXVLQJZDWHUDQGDLUVKRWV'XHWRSRRUVFDWWHULQJEDFNJURXQGVZHUH
VFDOHGE\SULRUWRVXEWUDFWLRQIURPWKHVDPSOHVFDWWHULQJGDWD7KHGDWDZDVWKHQVXEMHFWHG
WRLQGLUHFW)RXULHUWUDQVIRUPDWLRQ,)7DQDO\VLVDQG3ULQYHUVLRQXVLQJ6$69LHZWRFDOFXODWH
WKHDYHUDJHGLDPHWHURIWKHILEULOVLQWKHVDPSOH
 6PDOODQJOHQHXWURQVFDWWHULQJ 
6PDOODQJHOQHXWURQVFDWWHULQJ6$16PHDVXUHPHQWVZHUHSHUIRUPHGRQWKH'LQVWUXPHQW
DWWKH,QVWLWXWH/DXH/DQJHYLQ*UHQREOH)UDQFHLQIL[HGZDYHOHQJWKPRGHXVLQJDZDYHOHQJWK
RIcDQGDZDYHOHQJWKUHVROXWLRQRIǻȜ DWGHWHFWRUGLVWDQFHVRIPDQGPWRFRYHU
WKHQUDQJHc'DWDFROOHFWHGIRUWKHWZRGHWHFWRUGLVWDQFHVZHUHMRLQHGXVLQJWKH
*5$6DQV3 SDFNDJH UHGXFHG XVLQJ WKH1,676$16 UHGXFWLRQPDFURV  DQG WKH UHVXOWDQW
6$16FXUYHVILWXVLQJWKH6$6YLHZSDFNDJH$IOH[LEOHF\OLQGHUPRGHOZDVXVHGWRILWWKHGDWD
7KHGDWDIRU)PRF)5*')ZDVILWXVLQJFRQVWUDLQWVRQWKHVFDWWHULQJOHQJWKVRIWKHEXIIHUDQG
SHSWLGH.UDWN\DQDO\VLVZDVSHUIRUPHGXVLQJWKH1,676$16DQDO\VLVPDFURV&RQWUDVW
PDWFKLQJWRIXFRLGDQZDVSHUIRUPHGE\PHDVXULQJ6$16IURPDVHULHVRIPJP/IXFRLGDQ
VROXWLRQVLQ+2'2PL[WXUHV6$16IURPWKHFKRVHQFRQFHQWUDWLRQRIFRQILUPHGWKDW
WKHUHZDVQRGHWHFWDEOHVFDWWHULQJIURPWKHIXFRLGDQVROXWLRQ3HSWLGHVDPSOHVZHUHPHDVXUHG
LQVHDOHGPPSDWKOHQJWK+HOOPDFHOOVDQGDIWHULQMHFWLRQRIWKHVHKLJKO\YLVFRXVK\GURJHOV
HDFKVDPSOHZDVKHDWHGLQDZDWHUEDWKWR&WRUHPRYHVKHDUDOLJQPHQWIURPWKHVDPSOH
ORDGLQJ




 'LIIHUHQWLDOVFDQQLQJFDORULPHWU\
'LIIHUHQWLDOVFDQQLQJFDORULPHWU\'6&ZDVSHUIRUPHGRQD7$,QVWUXPHQWV4GLIIHUHQWLDO
VFDQQLQJ FDORULPHWHU 7]HUR DOXPLQLXP SDQ DQG 7]HUR KHUPHWLF OLG 7$ ,QVWUXPHQWV
5\GDOPHUH16:$XVWUDOLDZHUHXVHGIRU'6&WHVW$SSUR[LPDWHO\PJRIJHOVDPSOHV
ZHUHORDGHGLQWRDOLTXLGVSHFLILFSDQFRYHUHGDQGSUHVVHGZLWKDOLGWKHQGLJDVPDOOKROHRQ
WKH OLG EHIRUH WHVW 7KHUPRJUDPVZHUH FROOHFWHG IURP & WR  &ZLWK D WHPSHUDWXUH
SURJUDPPHRI&PLQ1IORZUDWHZDVDWP/PLQ
 ,VRWKHUPDOWLWUDWLRQFDORULPHWU\
,VRWKHUPDOWLWUDWLRQFDORULPHWU\,7&VDPSOHVZHUHSUHSDUHGDVPJP/RI)PRF)5*')
DQGRUPJP/RIIXFRLGDQLQ1D2+P07KHS+VZLWFKPHWKRGRORJ\ZDVXVHGIRU
in situ ILEULO IRUPDWLRQ D SHSWLGHIXFRLGDQ VDPSOH ZDV ORDGHG LQWR WKH UHDFWLRQ FHOO DQG
UHIHUHQFHFHOO$TXHRXV+&Oȝ/P0ZDVDGGHGWRWKHUHDFWLRQFHOOvia EXUHWWHDQG
KHDW UDWH PRQLWRUHG IRU  K ZLWKRXW VWLUULQJ 7KH S+ZDV WHVWHG DW WKH FRQFOXVLRQ RI WKH
H[SHULPHQWWRFRQILUPS+ $OOZDWHUZDVGHLRQLVHGDQGGHJDVVHGSULRUWRXVH$OOVDPSOHV
ZHUH DQDO\VHG XVLQJ D 7$ ,QVWUXPHQWV 1DQR ,7& VWDQGDUG YROXPH LVRWKHUPDO WLWUDWLRQ
FDORULPHWHU7$,QVWUXPHQWV5\GDOPHUH16:$XVWUDOLD
 In vitro&HOO&XOWXUH
 &HOOOLQHVDQGFXOWXUHFRQGLWLRQV
$OOFHOOOLQHVZHUHFXOWXUHGLQ&(//67$57IODVNV9:5,QWHUQDWLRQDO3W\/WG7LQJDOSD
4/' $XVWUDOLD DW  & ZLWK  &2 DQG  KXPLGLW\ 3ULPDU\ KXPDQ PDPPDU\
ILEUREODVW FHOOV K0)&VZHUHSXUFKDVHG IURP6FLHQ&HOO5HVHDUFK/DERUDWRULHV&HOOVZHUH
FXOWXUHGLQILEUREODVWPHGLXP/LIH7HFKQRORJLHV0HOERXUQH9,&$XVWUDOLDZLWKRI




IHWDOERYLQHVHUXP)%6 /LIH7HFKQRORJLHV0HOERXUQH9,&$XVWUDOLDRI ILEUREODVW
JURZWK VXSSOHPHQW DQG  RI SHQLFLOOLQVWUHSWRP\FLQ VROXWLRQ 6FLHQ&HOO 5HVHDUFK
/DERUDWRULHV %DOFDWWD :HVWHUQ $XVWUDOLD $XVWUDOLD 7KH KXPDQ WRQJXH VTXDPRXV FHOO
FDUFLQRPD FHOO OLQH 6&& FXOWXUHV ZHUH REWDLQHG IURP $7&& DQG ZHUH PDLQWDLQHG LQ
'XOEHFFR
V0RGLILHG(DJOH0HGLXP)'0(0)/LIH7HFKQRORJLHV0HOERXUQH9,&
$XVWUDOLD FRPSOHWH PHGLXP FRQWDLQLQJ  )%6  QJP/ K\GURFRUWLVRQH DQG
SHQFLOOLQVWUHSWRP\FLQ +XPDQ HPEU\RQLF NLGQH\  +(.  FHOOV ZHUH FXOWXUHG LQ
'0(0 FRQWDLQLQJ  )%6 DQG  SHQVWUHS && VNHOHWDO PXVFOH FHOOV ZHUH
PDLQWDLQHGLQ'0(0/LIH7HFKQRORJLHV$XVWUDOLDFRQWDLQLQJ)%6
 3UHSDUDWLRQRIYHUVLFDQDQGHPSW\YHFWRUFRQGLWLRQHGPHGLD
9HUVLFDQDQGHPSW\YHFWRUSF'1$FRQGLWLRQHGPHGLDZHUHSUHSDUHGE\WKHWUDQVIHFWLRQ
RIKXPDQHPEU\RQLFNLGQH\FHOOV+(.+(.FHOOVZHUHFXOWXUHGLQD7IODVN
WRDFRQIOXHQF\RI7KHQSUHSDUHYHUVLFDQDQGHPSW\YHFWRUSF'1$FRQVWUXFWVDWD
FRQFHQWUDWLRQ RI  J/ DQG WKH WRWDO YROXPH RI WKH FRQVWUXFW VROXWLRQ ZDV  /
UHVSHFWLYHO\%ULHIO\/RIOLSRIHFWDPLQHZDVDGGHGLQWRWKHPLGGOHRIVHUXPIUHH'0(0
WKHQLQFXEDWHGDWURRPWHPSHUDWXUHIRUPLQXWHVWKHQWKHWZRFRQVWUXFWVZHUHDGGHGLQWRWKH
PLGGOHRIVHUXPIUHH'0(0DQGLQFXEDWHGDWURRPWHPSHUDWXUHIRUDQRWKHUPLQXWHV7KHQ
WKHFHOOFXOWXUHPHGLDZDVWDNHQRXWIURP7IODVNDQGWKHFRQVWUXFWVROXWLRQVZHUHDGGHGWR
HDFK7IODVNDQGPL[JHQWO\WRPDNHVXUHFRYHUWKHZKROHERWWRPDUHDWKHQLQFXEDWHGDW
&IRUK7KHQWKHFRQVWUXFWVROXWLRQVZHUHDVSLUDWHGDQGP/VHUXPIUHH'0(0ZDVDGGHG
LQWRHDFK7IODVNDQGLQFXEDWHGIRUKLQRYHQDW&ZLWK&2DQGKXPLGLW\
$IWHUKWKHFRQGLWLRQHGPHGLDZDVFROOHFWHGLQWRP/WXEHVDQGSXWXQGHU&EHIRUH
XVH




 /LYHGHDGFHOOVWDLQLQJ
&HOOVVHHGHGRQWKHIRXUJURXSVRIK\GURJHOVZHUHVXEMHFWHGWROLYHGHDGFHOOVWDLQLQJSURFHGXUH
XVLQJ FDOFHLQ $0 DQG SURSLGLXP LRGLGH 6DSSKLUH %LRVFLHQFH 3W\ /WV 16: $XVWUDOLD
DFFRUGLQJWRPDQXIDFWXUHU¶VLQVWUXFWLRQVDWKDQGKUHVSHFWLYHO\&HOOVZHUHLQFXEDWHG
IRUPLQDWq&LQWKHGDUN,PDJHVZHUHREWDLQHGWKURXJKDIOXRUHVFHQFHPLFURVFRS\1LNRQ
(FOLSVH7L6-DSDQIRU&KDSWHUDQGDQGD=2(70IOXRUHVFHQFHFHOO LPDJHU%LR5DG
/DERUDWRULHV3W\/WG16:$XVWUDOLDIRU&KDSWHUXVLQJVXLWDEOHILOWHUV/LYHFHOOVZHUH
YLVXDOLVHG DQG GLIIHUHQWLDWHG XVLQJ FDOFHLQ$0 JUHHQ DQG GHDG HOOVZHUH LGHQWLILHG XVLQJ
SURSLGLXPLRGLGHUHG
 &HOOSUROLIHUDWLRQDVVD\
076DVVD\ZDVXVHGWRFKHFNFHOOSUROLIHUDWLRQK0)&FHOOVSHUZHOOLQ/RIPHGLD
ZHUH FXOWXUHG RQ WKH K\GURJHOV FRQVWLWXWLYHO\ IRU   DQG  K RQ WKH K\GURJHOV
4XDQWLILFDWLRQ RI OLYH FHOOV ZDV SHUIRUPHG EDVHG RQ FRORULPHWULF PHWKRG E\ DGGLQJ076
UHDJHQW 3URPHJD&RUSRUDWLRQ6\GQH\16:$XVWUDOLD WR WKHFHOOVJURZLQJRQK\GURJHOV
HYHU\  K076 /ZDV DGGHG WR WKH FHOOV DQGPL[HG JHQWO\ )XUWKHU WKH FHOOVZHUH
LQFXEDWHG IRU  K DW  ͼ& EHIRUH UHDGLQJ RI DEVRUEDQFH YDOXHV DW  QP XVLQJ
VSHFWURSKRWRPHWHU%LR5DG/DERUDWRULHV3W\/WG*ODGHVYLOOH16:$XVWUDOLD
 &HOOYLDELOLW\DVVD\
&&FHOOVZHUHVHHGHGRQWRWKHIRXUJURXSVRIK\GURJHOVDWDGHQVLW\RIFHOOVFPLQ
ȝ/PHGLDHDFKVDPSOHLQWULSOLFDWH7KHHIIHFWRQSUROLIHUDWLRQZDVREVHUYHGXVLQJ9\EUDQW
&\WRWR[LFLW\$VVD\.LW9/LIH7HFKQRORJLHV0HOERXUQH9,&$XVWUDOLDDWK7KH
F\WRWR[LFLW\DVVD\ZDVSHUIRUPHGLQDFFRUGDQFHZLWKWKHPDQXIDFWXUHU¶VLQVWUXFWLRQV%ULHIO\
IRUOLYHFHOOVLQJHOVWKHK\GURJHOVZHUHZDVKHGJHQWO\XVLQJP/RIî3%6WZLFHLQRUGHUWR




JHWULGRIGHDGFHOOVLQPHGLDWKHQDQRWKHUP/RI3%6ZDVDGGHGLQWRHDFKZHOODQGPL[HG
ZLWKJHOV5HSHDWIRUWLPHV7KHVROXWLRQZDVWKHQWUDQVIHUUHGLQWRDP/IDOFRQWXEHDQG
DQRWKHUP/RI3%6ZDVDGGHGLQWRHDFKWXEHWRPDNHWKHWRWDOYROXPHXSWRP/7KHQ
FHQWULIXJHGDWUSPIRUPLQDWURRPWHPSHUDWXUHDVSLUDWHGWKHXSSHU3%6XQWLOP/RI
3%6OHIWWKHQP/RI3%6ZDVDGGHGDQGWKHWXEHVZHUHVKDNHQWRPL[WKHVROXWLRQZHOO
FHQWULIXJHGDJDLQDWUSPIRUPLQDWURRPWHPSHUDWXUH7KHXSSHU3%6ZDVFDUHIXOO\
DVSLUDWHGDQGP/RI3%6ZDVDGGHGLQWRHDFKWXEHDQGPL[HGZHOOWKHQWUDQVIHUUHGWKHFHOO
VXVSHQVLRQ WRP/FHQWULIXJH WXEH DQGFHQWULIXJHGDW î USP IRUPLQ DW URRP
WHPSHUDWXUH7KHQ3%6ZDVDVSLUDWHG/RI3%6/RIîO\VLVEXIIHUZHUHDGGHGLQWR
HDFKWXEHDQGWKHQSXWRQDOOWKHVDPSOHVLQLFHIRUPLQ7KHQ/RIFHOOO\VLVVROXWLRQ
DQG/RI3%6ZHUHDGGHGLQWRDFOHDUZHOOSODWHPL[HGZHOODQGWDNHQRXW/RIWKH
PL[WXUHWRDEODFNEXWERWWRPFOHDUZHOOSODWHWKHQ/RI;UHVD]XULQUHDFWLRQPL[WXUH
ZDVDGGHGLQWRHDFKZHOODQGLQFXEDWHGDW&IRUPLQEHIRUHUHDGXVLQJD0XOWL0RGH
0LFUR3ODWH5HDGHU)OH[VWDWLRQ,,0ROHFXODU'HYLFHV&$86$/3%6ZDVXVHGDV
FRQWURO7KHVFDQW\SHZDVIOXRUHVFHQFHSKRWRPHWULFDQGWKHH[FLWDWLRQZDYHOHQJWKZDVDW
QPDQGHPLVVLRQZDYHOHQJWKDWQP8VLQJERWWRPUHDGDQGFXWRIIPRGH7KHLQGHSHQGHQW
H[SHULPHQWVZHUHSHUIRUPHGWLPHVDQGWKHUHVXOWVZHUHH[SUHVVHGDVPHDQ6(0
 $FWLQVWDLQLQJ
$FWLQ ILODPHQWV ZHUH YLVXDOLVHG via D 5KRGDPLQH SKDOORLGLQ VWDLQ /LIH 7HFKQRORJLHV
0HOERXUQH9,&$XVWUDOLD 7KH FHOOVZHUH IL[HG LQ  IRUPDOGHK\GH IRU PLQXWHV DQG
SHUPHDELOLVHGZLWK7ULWRQ;LQ3%6IRUPLQ7KHFHOOVZHUHWKHQZDVKHGZLWK3%6
WZLFHDQGVWDLQHGZLWK WKH5KRGDPLQHSKDOORLGLQVROXWLRQ7KHFHOOVZHUH WKHQ LQFXEDWHGDW
URRPWHPSHUDWXUHLQWKHGDUNIRUPLQXWHV7KHVWDLQLQJVROXWLRQZDVWKHQUHPRYHGDQGWKH
VDPSOHVJHQWO\ZDVKHGZLWK3%6EHIRUHYLVXDOLVDWLRQZLWKIOXRUHVFHQFHPLFURVFRS\1LNRQ




(FOLSVH7L6-DSDQIRU&KDSWHUDQGDQGD=2(70IOXRUHVFHQFHFHOO LPDJHU%LR5DG
/DERUDWRULHV3W\/WG*ODGHVYLOOH16:$XVWUDOLDIRU&KDSWHU
 '$3,DQGDFWLQVWDLQLQJ
&& FHOOV VHHGHG RQ WKH IRXU JURXSV RI K\GURJHOV ZHUH VXEMHFWHG WR '$3, /LIH
7HFKQRORJLHV$XVWUDOLD3W\/WG9,&$XVWUDOLDDQGDFWLQVWDLQLQJDWK%ULHIO\WKHXSSHU
PHGLDLQHDFKZHOOZDVVXFNHGRIIDQGWKHQ/RISDUDIRUPDOGHK\GH3UR6FL7HFK3W\
/WG.LUZDQ4/'$XVWUDOLDZDVDGGHGDQGOHIWDWURRPWHPSHUDWXUHIRUPLQWRIL[FHOOV
7KHQWKHSDUDIRUPDOGHK\GHVROXWLRQZDVDVSLUDWHGDQGDQRWKHU/RIî3%6ZDVDGGHG
WRZDVK WKHJHOVRQFH/RI7ULWRQî 3UR6FL7HFK3W\/WG.LUZDQ4/'
$XVWUDOLDZDVWKHQDGGHGLQWRHDFKZHOODQGPDLQWDLQHGDWURRPWHPSHUDWXUHIRUPLQ7R
SUHSDUH'$3,DQGDFWLQVWDLQLQJVDPSOHV'$3,DQGUKRGDPLQHSKDOORLGLQZHUHGLOXWHGXVLQJ
î3%6DQGPL[HGWRJHWKHUDQGZHUHGLOXWHGDQGWLPHVUHVSHFWLYHO\7KHQ7ULWRQ
VROXWLRQZDVVXFNHGRIIDQG/RIWKHPL[WXUHRI'$3,DQGUKRGDPLQHSKDOORLGLQVROXWLRQ
ZDV DGGHGDQGPDLQWDLQHG DW URRP WHPSHUDWXUH IRU PLQEHIRUH LPDJLQJXVLQJ D=2(70
IOXRUHVFHQFHFHOOLPDJHU%LR5DG/DERUDWRULHV3W\/WG.LUZDQ16:$XVWUDOLD
 6'63DJH:HVWHUQEORWWLQJ
7RLPSURYHWKHGHWHFWLRQRIYHUVLFDQE\:HVWHUQEORWFKRQGURLWLQDVH$%&ZDVDGGHGWRDQ
DOLTXRW RI FRQGLWLRQHG PHGLD WR GHJO\FRV\ODWH YHUVLFDQ ZKLFK LQ WXUQ DOORZV WKH EHWWHU
DFFHVVLELOLW\RIWKHYHUVLFDQDQWL*$*ȕ0HUFN0LOLSRUH%D\VZDWHU9,&$XVWUDOLDDQWLERG\
WRELQGWR9YHUVLFDQ>@7RSUHSDUHWKHFRQGLWLRQHGPHGLDVDPSOHV/FKRQGURLWLQDVH
$%&ZDVDGGHGWR/YHUVLFDQRUHPSW\YHFWRUFRQGLWLRQHGPHGLDLQWRDP/(SSHQGRUI
WXEH DQG LQFXEDWHGDW & IRUK7KHQ VDPSOHVZHUHGLOXWHGZLWKDî ORDGLQJEXIIHU
FRQWDLQLQJȕPHUFDSWRHWKDQRO%LR5DG/DERUDWRULHV3W\/WG*ODGHVYLOOH16:$XVWUDOLD




DQGLQFXEDWHGDW&IRUPLQXWHV6'63DJHZDVXVHGWRVHSDUDWHSURWHLQDVVXFK/RI
YHUVLFDQRUHPSW\YHFWRUFRQGLWLRQHGPHGLDZDVORDGHGRQWRD0LQL3URWHDQ7*;VWDLQIUHH
JHO%LR5DG/DERUDWRULHV3W\/WG*ODGHVYLOOH16:$XVWUDOLDDQGUXQDW97RGHWHFW
WKHVHSDUDWHGSURWHLQVWKHJHOVZHUHWKHQDFWLYDWHJHORQWKH&KHPL'RF;56V\VWHP%LR
5DG /DERUDWRULHV 3W\ /WG *ODGHVYLOOH 16: $XVWUDOLD 3URWHLQ ZHUH WKHQ WUDQVIHUUHG WR
39')PHPEUDQHV7UDQVEORWWXUERPLQL39')WUDQVIHUSDFNV%LR5DG/DERUDWRULHV3W\/WG
*ODGHVYLOOH 16: $XVWUDOLD XVLQJ WKH 7UDQV%ORW 7XUER V\VWHP DV SHU PDQXIDFWXUHU¶V
UHFRPPHQGDWLRQV39')PHPEUDQHVZHUHEORFNHGLQVNLPPLON LQ7%67IRUKRXUDW
URRPWHPSHUDWXUHWKHQWKHLQFXEDWHGZLWKYHUVLFDQDQWL*$*ȕ0HUFN0LOLSRUH%D\VZDWHU
9,& $XVWUDOLD DQWLERG\  LQ  VNLPPLON RYHUQLJKW DW  & 7KHQ WKH EORWV ZHUH
LQFXEDWHVZLWKDVHFRQGDU\JRDWDQWLUDEELW+53DQWLERG\LQVNLPPLONLQ7%67
IRUK%DQGZHUHGHWHFWHGXVLQJ(&/VXEVWUDWH%LR5DG/DERUDWRULHV3W\/WG*ODGHVYLOOH
16:$XVWUDOLDDQGEORWVZHUHLPDJHGRQWKH&KHPL'RF;56V\VWHP
 7RWDOSURWHLQFRQWHQW
$3LHUFH70%&$3URWHLQ$VVD\.LW7KHUPR)LVKHU6FLHQWLILF6FRUHVE\9,&$XVWUDOLDZDV
XVHGIRUWKLVDVVD\ 7KHFHOOO\VDWHZHUHSUHSDUHGDVVDPHDVLQ6HFWLRQ³&HOOYLDELOLW\
DVVD\´6WDQGDUGVDUHDWDQGPJP/UHVSHFWLYHO\%ULHIO\
/RIVWDQGDUGRUVDPSOHZDVDGGHGLQWRDZHOOSODWHLQWULSOLFDWHDQG/RI%6$
VROXWLRQZKLFKPDGHRISDUW$DQGSDUW%VROXWLRQYYZDVWKHQDGGHG)LQDOO\WKHSODWH
ZDVSXWLQWRD&LQFXEDWRUIRUPLQXWHVDQGUHDGXVLQJDPLFURSODWHVSHFWURSKRWRPHWHU
%LR5DG/DERUDWRULHV3W\/WG*ODGHVYLOOH16:$XVWUDOLD




 51$LVRODWLRQ
&HOOVVHHGHGRQSHSWLGHK\GURJHOZLWKRXWDQGZLWKIXFRLGDQPJP/ZHUHVXEMHFWHGWR51$
LVRODWLRQXVLQJ7UL]RO51HDV\PHWKRG>@%ULHIO\PHGLDZDVUHPRYHGDQGULQVHGZLWK
3%6JHQWO\DQGWKHJHOVZHUHPL[HGWKRURXJKO\XVLQJDSLSHWWHWLSLQP/75,]ROZKLFKZDV
IXUWKHU LQFXEDWHG DW URRP WHPSHUDWXUH IRU  PLQ  P/ RI FKORURIRUP ZDV DGGHG DQG
LQFXEDWHGDWURRPWHPSHUDWXUHIRUPLQDQGIXUWKHUFHQWULIXJHGDWq&IRUPLQDWg
7KHXSSHUDTXHRXVSKDVHZDV WUHDWHGZLWKP/RIHWKDQRODQGFHQWULIXJHGDW URRP
WHPSHUDWXUHIRUPLQDWg7KHSHOOHWZDVVXVSHQGHGLQP/GLHWK\OS\URFDUERQDWH
'(3& WUHDWHG ZDWHU DQG IXUWKHU WKH VDPSOHV ZHUH SURFHVVHG ZLWK 51HDV\ NLW 4LDJHQ
&KDGVWRQH&HQWUH9,&$XVWUDOLDDFFRUGLQJWRWKHPDQXIDFWXUHU¶VLQVWUXFWLRQV
 5HYHUVHWUDQVFULSWLRQDQGTXDQWLWDWLYH3&5
7RWDO51$LVRODWHGIURPWKHK\GURJHOVDVPHQWLRQHGDERYHZDVUHYHUVHWUDQVFULEHGWRJHQHUDWH
FRPSOLPHQWDU\'1$XVLQJ6XSHUVFULSW,,,,QYLWURJHQ$XVWUDOLD3W\/WG0RXQW:DYHUOH\
9,& $XVWUDOLD IROORZLQJ WKH PDQXIDFWXUHU¶V SURWRFRO 7R FKDOOHQJH IXFRLGDQ IRU LWV DQWL
LQIODPPDWRU\ DFWLRQ FHOOV ZHUH VWLPXODWHG ZLWK OLSRSRO\VDFFKDULGH /36 6LJPD$OGULFK
&DVWOH+LOO16:$XVWUDOLD DW D FRQFHQWUDWLRQ RI PJP/ LQ WKH FRPSOHWHPHGLD*HQH
H[SUHVVLRQVWXG\RISURLQIODPPDWRU\UHVSRQVHDQG*0UHJXODWLRQZDVSHUIRUPHGRQIRXU
GLIIHUHQWFRQGLWLRQV6&&RQ5*'6&&RQ5*'6&&RQ5*'/366&&RQ
5*'/36 'LIIHUHQWLDO H[SUHVVLRQ RI WKH JHQHV H[DPLQHG ZDV OLVWHG LQ $SSHQGL[ ,  ࡳ
6XSSOHPHQWDU\7DEOH,QJRIF'1$ZDVXVHGWRSHUIRUPTXDQWLWDWLYHUHDOWLPH3&5LQ
D/UHDFWLRQXVLQJ6<%5*UHHQ%LRUDGRQD&);FRQQHFW705HDO7LPH3&5GHWHFWLRQ
V\VWHP%LRUDG3ULPHUROLJRVHTXHQFHVZHUHGHVLJQHGXVLQJ3ULPHU3&5SULPHGHVLJQWRRO
:KLWHKHDG,QVWLWXWHIRU%LRPHGLFDO5HVHDUFK&DPEULGJH0$86$DQGWKHJHQHVSHFLILFLW\




ZDV FKHFNHG XVLQJ1DWLRQDO&HQWHU IRU%LRWHFKQRORJ\ ,QIRUPDWLRQ QXFOHRWLGH GDWDEDVH DQG
SULPHUVXVHGIRUTXDQWLWDWLRQZHUHUHSUHVHQWHGLQ$SSHQGL[,  ࡳ 6XSSOHPHQWDU\7DEOH,
6WHSVIROORZHGGXULQJ43&5WRJHQHUDWHDPSOLILFDWLRQFXUYHVLQFOXGHDQLQLWLDOGHQDWXULQJVWHS
IRUPLQDW&IROORZHGE\F\FOHVRI&IRUV&IRUVDQG&IRUV7KH
H[SUHVVLRQRIHDFKJHQHLQWHUPVRIIROGFKDQJHZDVQRUPDOLVHGWRKRXVHNHHSLQJJHQH$&7%
 1)țȕDQG&(3VWDLQLQJ
6&&FHOOVZHUHWUHDWHGZLWKRXWDQGZLWKIXFRLGDQPJP/IRUK&HOOVZHUHIL[HGZLWK
SDUDIRUPDOGHK\GHDQGSHUPHDELOLVHGZLWK7ULWRQ;&HOOVZHUHEORFNHGZLWK
ERYLQH VHUXP DOEXPLQ %6$ LQ 3%6 IRU  K DW URRP WHPSHUDWXUH DQG IXUWKHU WUHDWHGZLWK
SULPDU\ DQWLERG\ 5DEELW SRO\FORQDO 1)țȕ S DQWLERG\ DQG 5DEELW PRQRFORQDO &(3
DQWLERG\DEFDPRYHUQLJKWDWq&&HOOVZHUHIXUWKHULQFXEDWHGZLWKDQWLUDEELW$OH[D)OXRU
VHFRQGDU\FRQMXJDWHVIRUKDWURRPWHPSHUDWXUH)ROORZLQJVHYHUDOZDVKHVFHOOVZHUH
YLVXDOLVHGXQGHUIOXRUHVFHQFHPLFURVFRSH1LNRQ(FOLSVH7L6-DSDQ
 $QQH[LQ9VWDLQLQJ
6&&FHOOVWUHDWHGZLWKRXWDQGZLWKIXFRLGDQPJP/IRUKZHUHVWDLQHGZLWKWKH$OH[D
)OXRU$QQH[LQ9'HDG&HOO$SRSWRVLV.LW /LIH7HFKQRORJLHV0HOERXUQH$XVWUDOLD
DFFRUGLQJWRPDQXIDFWXUHU¶VLQVWUXFWLRQV&HOOVZHUHDOVRFRXQWHUVWDLQHGZLWK+RHFKVWG\HWR
VWDLQWKHOLYHFHOOV,PDJHVZHUHREWDLQHGWKURXJKIOXRUHVFHQFHPLFURVFRS\1LNRQ(FOLSVH7L
6-DSDQXVLQJVXLWDEOHILOWHUV

 'HWHUPLQDWLRQRIOHQWLYLUDOUHOHDVHDQGLPPRELOLVDWLRQ
7R GHWHUPLQH VXFFHVVIXO LPPRELOLVDWLRQ RI WKH P&KHUU\ OHQWLYLUXV UHOHDVH RI P&KHUU\
OHQWLYLUXVIURPWKHWZR)PRF6$3K\GURJHOVZDVFRPSDUHGȝ/VDPSOHVRI)PRF6$3




K\GURJHOV DW PJP/ZHUHPL[HGZLWK  ȝ/ RIP&KHUU\ OHQWLYLUXV WLWUH DW  î 
FRSLHVP/*HQH&RSRHLDDQGSODFHGLQDZHOOSODWHȝ/RI3%6ZDVSODFHGRQWRSRI
WKHJHODQGWKHSODWHSODFHGLQDQLQFXEDWRU&&27KH3%6ZDVWKHQFROOHFWHGDQG
UHSODFHGZLWKIUHVK3%6HYHU\KIRUGD\V7KH3%6VXSHUQDWDQWZDVVWRUHGLQDIUHH]HU
XQWLOUHDG\IRUDQDO\VLVE\DQHQ]\PHOLQNHGLPPXQRVRUEHQWDVVD\(/,6$$+,97\SH
S$QWLJHQ(/,6$NLW=HSWR0HWUL[&RUSRUDWLRQ%XIIDOR1<86$ZDVXVHGWRPHDVXUH
WKH DPRXQW RI P&KHUU\ UHOHDVHG 7KH (/,6$ ZDV SHUIRUPHG DV SHU WKH PDQXIDFWXUHU¶V
LQVWUXFWLRQV
 In vivo$QLPDO:RUN
 3UHSDUDWLRQRISULPDU\FRUWLFDOFHOOVIRUWUDQVSODQWDWLRQ
$OOSURFHGXUHVZHUHFRQGXFWHGLQDFFRUGDQFHZLWKWKH$XVWUDOLDQ1DWLRQDO+HDOWKDQG0HGLFDO
5HVHDUFK &RXQFLO
V SXEOLVKHG &RGH RI 3UDFWLFH IRU WKH 8VH RI $QLPDOV LQ 5HVHDUFK DQG
H[SHULPHQWVZHUHDSSURYHGE\WKH)ORUH\,QVWLWXWHRI1HXURVFLHQFH	0HQWDO+HDOWKDQLPDO
HWKLFVFRPPLWWHH$OOPLFHZHUHKRXVHGRQDKOLJKWGDUNF\FOHZLWKDGOLELWXPDFFHVVWR
IRRGDQGZDWHU$GXOWIHPDOH&%/PLFHZHUHXVHGDVJUDIWUHFLSLHQWVZKLOHGRQRUWLVVXH
IRU WUDQVSODQWDWLRQZDVREWDLQHGIURPWLPHPDWHGPLFHH[SUHVVLQJJUHHQIOXRUHVFHQWSURWHLQ
*)3XQGHUWKHEDFWLQSURPRWHU$QLPDOVZHUHWLPHPDWHGRYHUQLJKWDQGYLVXDOLVDWLRQRID
YDJLQDOSOXJRQWKHIROORZLQJPRUQLQJZDVWDNHQDVHPEU\RQLFGD\((PEU\RVDW(
ZHUHFROOHFWHGLQFKLOOHG/PHGLD*)3HPEU\RVZHUHVHOHFWHGWKHLUEUDLQVUHPRYHGDQG
WKHFRUWLFHVGLVVHFWHGWRLVRODWH*)3FRUWLFDOSULPDU\WLVVXH7KHFRUWLFHVZHUHLQFXEDWHGIRU
PLQXWHVLQ'1DVHDQGWU\SVLQLQPDJQHVLXPDQGFDOFLXP+DQN
VEDODQFHGVDOW
VROXWLRQ+%667KHWLVVXHZDVWKHQZDVKHGJHQWO\WLPHVZLWK+%667KHWLVVXHZDVWKHQ
GLVVRFLDWHGDQGWKHFHOOVUHVXVSHQGHGLQ+%66ZLWK'1$VHDWFHOOVSHUμ/




 ,PSODQWDWLRQ RI VHOIDVVHPEOLQJ SHSWLGH K\GURJHOV ZLWK FHOO
WUDQVSODQWDWLRQ
0LFHUHFHLYHGLPSODQWVRIFHOOVLQWKHSUHVHQFHRUDEVHQFHRI)PRF6$3V)PRF',.9$9
)PRF)5*'))PRF'<,*65)Q SHUJURXS0LFHZHUHDQDHVWKHWLVHGZLWKLVRIOXUDQH
DQGWKHOHYHORIDQHVWKHVLDPDLQWDLQHGDWIRUWKHGXUDWLRQRIWKHVXUJHU\0LFHZHUHSODFHG
LQ D VWHUHRWD[LF IUDPH PLGOLQH LQFLVLRQV ZHUH PDGH LQ WKH VFDOS DQG FUDQLRWRPLHV ZHUH
SHUIRUPHGRYHUO\LQJWKHVWULDWXP&HOOVZHUHPL[HGDWDUDWLRZLWK+%66RU)PRF6$3
SULRUWRLPSODQWDWLRQLQWRWKHVWULDWXP$WRWDORIP/FHOOVZHUHLQMHFWHGXVLQJD
ILQHJODVVFDSLOODU\DWWKHIROORZLQJFRRUGLQDWHVPPDQWHULRUDQGPPODWHUDOUHODWLYH
WREUHJPDDQGDWDGHSWKRIPPEHORZWKHGXUDOVXUIDFH$IWHUGD\VPLFHZHUHGHOLYHUHG
DWHUPLQDOGRVHRIEDUELWXUDWHDQGZHUHWUDQVFDUGLDOO\SHUIXVHGZLWKZDUPVDOLQHIROORZHGE\
SDUDIRUPDOGHK\GH3)$%UDLQVZHUHUHPRYHGDQGSRVWIL[HGIRUKLQ3)$EHIRUH
RYHUQLJKWFU\RSUHVHUYDWLRQLQVXFURVHVROXWLRQ7KHEUDLQVZHUHWKHQFRURQDOO\VHFWLRQHG
DWP0LQVHULHVEHIRUHIUHHIORDWLQJLPPXQRKLVWRFKHPLVWU\ZDVSHUIRUPHG
 ,PPXQRKLVWRFKHPLVWU\
)UHHIORDWLQJLPPXQRKLVWRFKHPLFDOSURFHGXUHVZHUHSHUIRUPHGDVSUHYLRXVO\GHVFULEHG>@
3ULPDU\ DQWLERGLHV DQG GLOXWLRQ IDFWRUV ZHUH DV IROORZV FKLFNHQ DQWL*)3 *)3 
$EFDP UDEELW DQWL*)$3 *)$3  '$.2 DQG PRXVH DQWL&'E  $E'
VHURWHF6HFRQGDU\DQWLERGLHVIRUGLUHFWGHWHFWLRQZHUHXVHGDWDGLOXWLRQRI²'\/LJKW
FRQMXJDWHGGRQNH\DQWLFKLFNHQ'\/LJKWGRQNH\DQWLUDEELWDQG'\/LJKWGRQNH\
DQWLPRXVH-DFNVRQ,PPXQR5HVHDUFK$EVROXWHFHOOFRXQWVDQGRSWLFDOGHQVLW\PHDVXUHPHQWV
ZHUHFDUULHGRXWRQD/HLFDIOXRUHVFHQWPLFURVFRSH/HLFD&75




 $VVHVVPHQWRIJUDIWV
*UDIWHGFHOOV DQG WKHH[WHQWRI WKHLU LQQHUYDWLRQZHUHGLVFHUQLEOHE\ WKHSUHVHQFHRI*)3
VWDLQLQJ)RUDOODQLPDOVWRWDOQXPEHURI*)3FHOOGHQVLW\*)3FHOOVSHUPPDQGYROXPH
RI LQQHUYDWLRQPPZHUHTXDQWLILHG2SWLFDO LQWHQVLW\ZDVPHDVXUHGDW WZRILHOGVRIYLHZ
)29IRUFRPSDULVRQRILQQHUYDWLRQEHWZHHQHDFKJURXS7KLVWHFKQLTXHZDVDOVRXVHGIRU
DVVHVVPHQW RI LQIODPPDWLRQ ,PDJH- ZDV XVHG WR GHWHUPLQH WKH RSWLFDO LQWHQVLW\ RI WKH
IOXRURSKRUHVIRU*)3IRU*)$3DQGIRU&'ELQHDFKLPDJHDWHDFK)29
7KLV SURYLGHV D UHODWLYH FRPSDULVRQ IRU WKH H[WHQW RI LQQHUYDWLRQ RU HOLFLWHG LQIODPPDWRU\
UHVSRQVHLQGXFHGLQHDFKJURXS
 ,PSODQWDWLRQRIP&KHUU\YLUXVZLWK)PRFVHOIDVVHPEOLQJSHSWLGH
7KH)ORUH\,QVWLWXWHRI1HXURVFLHQFHDQG0HQWDO+HDOWKDQLPDOHWKLFVFRPPLWWHHDSSURYHGDOO
DQLPDO H[SHULPHQWVZLWK SURFHGXUHV FRQGXFWHG LQ DFFRUGDQFHZLWK WKH$XVWUDOLDQ1DWLRQDO
+HDOWKDQG0HGLFDO5HVHDUFK&RXQFLO¶VSXEOLVKHG&RGHRI3UDFWLFHIRUWKH8VHRI$QLPDOVLQ
5HVHDUFK$GXOW6ZLVVPLFHZHUHKRXVHGRQDKOLJKWGDUNF\FOHZLWKad libitumDFFHVVWR
IRRG DQGZDWHU0LFH UHFHLYHG VWHUHRWD[LF LPSODQWV RIP&KHUU\ OHQWLYLUXV DORQH Q    RU
P&KHUU\YLUXVLQWKHSUHVHQFHRI)PRF'',.9$9Q RU)PRF'',.9$9.Q 
LVRIOXUDQHZDVXVHGWRLQGXFHDQDHVWKHVLDLVRIOXUDQHZDVPDLQWDLQHGIRUWKHGXUDWLRQRI
VXUJHU\ 0LFH ZHUH SODFHG LQWR D VWHUHRWD[LF IUDPH DQG D FUDQLRWRP\ SHUIRUPHG IRU
PLFURLQMHFWLRQVLQWRWKHXQGHUO\LQJVWULDWXPFRRUGLQDWHVDQWHULRUPPDQGODWHUDO
PPUHODWLYHWR%UHJPD$ILQHSXOOHGPLFURSLSHWWHFRXSOHGWRD+DPLOWRQV\ULQJHZDVXVHG
WRLQMHFWYLUXVRUYLUXVZLWK)PRF6$3DWDGHSWKRIPPEHORZWKHGXUDVXUIDFH)RUFRQWURO
DQLPDOV  ȝ/ RIP&KHUU\ 8,POZDV GLOXWHG LQ  ȝ/ VWHULOH 3%6 DQG WKH WRWDO  ȝ/
VXVSHQVLRQLPSODQWHG$OWHUQDWLYHO\WKHYLUXVZDVPL[HGDWDUDWLRZLWKHLWKHURIWKH)PRF
6$3V $IWHUGD\VPLFHZHUHNLOOHGE\DQRYHUGRVHRIVRGLXPSHQWREDUELWRQHPJNJ




DQG WUDQVFDUGLDOO\ SHUIXVHGZLWKZDUP VDOLQH IROORZHGE\3)$$IWHU UHPRYDOPRXVH
EUDLQVZHUHSRVWIL[HGIRUKLQ3)$)ROORZLQJIL[DWLRQEUDLQVZHUHFU\RSUHVHUYHGLQD
VXFURVHVROXWLRQRYHUQLJKW7KHEUDLQVZHUHFRURQDOO\VHFWLRQHGȝPDWDVHULHV
DQGLPPXQRKLVWRFKHPLVWU\DJDLQVWUHGIOXRUHVFHQWSURWHLQUDEELWDQWL5)35RFNODQG
86$ZDVSHUIRUPHGWRDPSOLI\WKHP&KHUU\VLJQDOXVLQJSUHYLRXVO\GHVFULEHGPHWKRGV>@
&HOOFRXQWVIRUP&KHUU\YLUDOO\ LQIHFWHGFHOOVP&KHUU\ WUDQVGXFWLRQYROXPHDQGGHQVLW\
PHDVXUHPHQWVZHUHFDUULHGRXWRQD/HLFD&75PLFURVFRSH/HLFD0LFURV\VWHPV3W\
/WG1RUWK5\GH16:$XVWUDOLDXVLQJ/$6VRIWZDUH
 6WDWLVWLFDO$QDO\VLV
)RUDOO FHOOFXOWXUHH[SHULPHQWVDW OHDVW WKUHH LQGHSHQGHQWH[SHULPHQWVZHUHSHUIRUPHG$OO
DQDO\VHVLQ&KDSWHUZHUHSHUIRUPHGXVLQJD6WXGHQWSDLUHGWZRWDLOHGWWHVWEHWZHHQHDFK
JURXSV,Q&KDSWHUIRUin vivoZRUNRQHZD\$129$VZLWK7XNH\SRVWKRFWHVWVZHUH
XVHGWRLGHQWLI\VWDWLVWLFDOO\VLJQLILFDQWFKDQJHVEHWZHHQJURXSV7KHGDWDZDVDOVRWUDQVIRUPHG
LQRUGHU WRREWDLQ HTXDOYDULDQFH DQG WKH WHVWV UHSHDWHGKRZHYHU WKLVKDGQRHIIHFW RQ WKH
VWDWLVWLFDOLQIRUPDWLRQREWDLQHG$OOGDWDZHUHSUHVHQWHGDVPHDQVWDQGDUGHUURURIWKHPHDQ
6(0DQGZHUHFRQVLGHUHGVWDWLVWLFDOO\VLJQLILFDQWZKHQp



 




&KDSWHU In Vitro5HVSRQVHWR)XQFWLRQDOLVHG6HOI
$VVHPEOHG3HSWLGH6FDIIROGVIRU7KUHH'LPHQVLRQDO&HOO
&XOWXUH


7KHDLPRIWKLVFKDSWHUZDVWRIRUPD'VFDIIROGZKLFKLVELRORJLFDOO\IXQFWLRQDOLVHGIRUWLVVXH
HQJLQHHULQJ:HGLVFXVVHGWKHUDWLRQDOGHVLJQRID6$3FRQWDLQLQJDELRDFWLYHHSLWRSH)PRF
)5*') 7KH SK\VLRFKHPLFDO DQG SK\VLRORJLFDO SURSHUWLHV RI WKLV VFDIIROGZHUH WHVWHG DQG
FRPSDUHGZLWKDELRORJLFDOO\LQDFWLYHVFUDPEOHVHTXHQFH)PRF)'*5)7KHUHVXOWVVKRZHG
WKDW DOWKRXJK ERWK K\GURJHOV DUH FRPSDUDEOH LQ QDQRILEULO PRUSKRORJ\ JHO FODULW\ DQG
PHFKDQLFDOSURSHUWLHVWKHFHOOVZRXOGQRWUHFRJQLVHWKHXQIXQFWLRQDOLVHGSHSWLGHVHTXHQFHVR
LWLVHVVHQWLDOWRXVHELRORJLFDOO\UHOHYDQWSHSWLGHHSLWRSHIRUin vitro'FHOOFXOWXUH7KLVSDUW
RIZRUNZDVDOVRWKHSUHUHTXLVLWHIRUODWHUin vivoZRUN

&RQWULEXWLRQRIWKHFDQGLGDWH
,PDGHWKHSHSWLGH)PRF)5*')DQG)PRF)'*5)XVLQJ6336DQGWKHSHSWLGHK\GURJHOV
,GLG$)0IOXRUHVFHQFHVSHFWUDDQGWRRNSDUWLQFHOOFXOWXUHZRUN








Publications relevant to this chapter: 

9HQJDPD10RGHSDOO$OH[DQGUD/5RGULJXH]5XL/L6LYDSU\LD3DYXOXUL.HYLQ51LFKRODV
&ROLQ-%DUURZ'DYLG51LVEHWDQG5LFKDUG-:LOOLDPVIn-vitroUHVSRQVHWRIXQFWLRQDOLVHG
VHOIDVVHPEOHG SHSWLGH VFDIIROGV IRU WKUHHGLPHQVLRQDO FHOO FXOWXUH Peptide Science
5HSURGXFHGZLWKSHUPLVVLRQIURP:LOH\2QOLQH/LEUDU\
Present at: 

$SULOUG$QQXDO&RQIHUHQFHRIWKH$XVWUDODVLDQ6RFLHW\IRU%LRPDWHULDOVDQG7LVVXH
(QJLQHHULQJ$6%7(/RUQH9,&$XVWUDOLD3RVWHUSUHVHQWDWLRQ

6HSWHPEHU  WK ,QWHUQDWLRQDO0LFURVFRS\ &RQJUHVV 3UDJXH &]HFK 5HSXEOLF3RVWHU
SUHVHQWDWLRQ
$EVWUDFW
1DQRPDWHULDOVSUHVHQWDQHZJHQHUDWLRQRIUHJHQHUDWLYHPHGLFLQHHVSHFLDOO\IRUWKHIRUPDWLRQ
RIVFDIIROGVWKDWLPLWDWHWKHQDWXUDOQDQRDQGPLFURVFDOHHQYLURQPHQWRIFHOOV7KLVFHOOXODU
HQYLURQPHQWDULVHVIURPWKHVSDWLDORUJDQLVDWLRQRIFHOOXODUO\VHFUHWHGVWUXFWXUHVWKDWSUHVHQW
ELRORJLFDOO\ DYDLODEOH VLJQDOV )PRF6$3V KDYH HPHUJHG DV DQ LPSRUWDQW WRRO LQ WKH
GHYHORSPHQWRIIXQFWLRQDOELRQDQRPDWHULDOV+\GURJHOVEDVHGRQWKHVHQDQRILEURXVPDWULFHV
DUHSURPLVLQJPDWHULDOVIRUUHJHQHUDWLYHPHGLFLQHZKHUHD³ERWWRPXS´DSSURDFKLVXVHGWR
PLPLFWKHQDWLYHFHOOXODUVXUURXQGLQJV,PSRUWDQWO\WKURXJKWKHSUHVHQFHRIELRSK\VLFDODQG
ELRFKHPLFDO FXHV LQ DPLOLHX DQDORJRXV WR WKH QDWLYH (&0 6$3V KROG WKH SRWHQWLDO WR EH
ELRDFWLYHHQGRZLQJWKHPWKHPRVWHOHJDQWFDQGLGDWHVIRUSURYLGLQJVWUXFWXUDODQGFKHPLFDO
VXSSRUWLQDFHOOXODUHQYLURQPHQW,QWKLVFKDSWHUDQHZ6$3VHTXHQFHZLWKWKHSUHVHQWDWLRQRI
ELRORJLFDOO\ UHOHYDQW HSLWRSHV WKURXJK WKHLU HIILFLHQW RUJDQLVDWLRQ RQ WKH VXUIDFH RI WKH
QDQRILEULOVZDVGHVLJQHG7KHUHVXOWVVKRZWKDWWKHVHVLJQDOVGLUHFWO\DIIHFWFHOOYLDELOLW\ZLWKLQ
D'VFDIIROGFRPSDUHGWRVFUDPEOHVHTXHQFHZKLFKLVDQXQIXQFWLRQDOLVHG\HWPHFKDQLFDOO\
DQGPRUSKRORJLFDOO\VLPLODUV\VWHP




 ,QWURGXFWLRQ
7KHHQJLQHHULQJRIHIIHFWLYHELRPDWHULDOV IRU UHJHQHUDWLYHPHGLFLQH UHTXLUHV WKHGHVLJQDQG
IDEULFDWLRQRI'PDWULFHVWKDWDUHVLPLODUWRWKHYDULHWLHVRIPLOLHXSUHVHQWin vivo,QRUGHUWR
UHSURGXFHWKHVHPLFURHQYLURQPHQWVDNH\FKDOOHQJHLVWKHUDWLRQDOGHVLJQRIDPDWHULDOERWK
SK\VLRFKHPLFDOO\DQGELRFKHPLFDOO\VLPLODUWRWKHQDWXUDO(&07KH(&0LVDPDWUL[WKDWIXOO
RIPRUSKRORJLFDOPHFKDQLFDODQGELRFKHPLFDOFXHVDYDLODEOHIRUVXSSRUWLQJDQGSURYLGLQJD
FRQQHFWLRQ EHWZHHQ WKH VFDIIROG DQG VXUURXQGLQJ FHOOV WKURXJK WKH DSSOLFDWLRQ RI H[WHUQDO
VWLPXOL WKDW GLUHFWO\ LQIOXHQFH FHOO IXQFWLRQ DQG EHKDYLRXU >@$OWKRXJK UHVHDUFK LQWR WKH
FKDUDFWHULVDWLRQDQGRSWLPLVDWLRQRIHVVHQWLDOSK\VLFDOSURSHUWLHVRIVFDIIROGVKDVVLJQLILFDQW
DGYDQFHVELRPROHFXODUUHFRJQLWLRQWKURXJKWKHSDUWLFLSDWLRQRIELRFKHPLFDOFXHVLVQHFHVVDU\
DQG UHPDLQVD FRQVLGHUDEOHFKDOOHQJH6FDIIROGVPXVWGHOLYHU VXLWDEOH VLJQDOV WR WDUJHW VLWHV
XQGHUGLPHQVLRQDODQGWHPSRUDOFRQWUROIRURSWLPXPUHSDLU>@

7KHQDWXUDO(&0LVEDVLFDOO\DVFDIIROGFRQVLVWHGRIDQLQWHUZRYHQFHOOXODUHQYLURQPHQWWKDW
VXSSOLHVDVHULDORIPRWLIVVXFKDVDPLQRDFLGVHTXHQFHVSUHVHQWRQWKHVXUIDFHRIHPEHGGHG
QDWLYHSURWHLQVSURYLGLQJVWLPXODWLRQIRUUHVHDUFKHUVWKDWSXUVXHWRUHSURGXFHWKHIXQFWLRQRI
VXFKPDWULFHV>@$VDUHVXOWUHFHQWZRUNKDVFRQFHQWUDWHGRQWKHHQJLQHHULQJRIVLPSOH
DQG HDV\ V\QWKHVLVHG DPLQR DFLG VHTXHQFHV RU SHSWLGHV WKDW SRVVHVV DGHTXDWH PROHFXODU
LQIRUPDWLRQ WR VHOIDVVHPEOH LQWR QDQRVFDOH ILEULOV ZKLFK LQ WXUQ LQWHUZHDYH WR SURGXFH D
PDFURVFDOHK\GURJHO>@7KHVH6$3VDUHQDWXUDOO\LQVSLUHGPROHFXOHVWKDWQRQFRYDOHQWO\
LQWHUDFWDQGVHOIDVVHPEOHWRIRUPVFDIIROGVZLWKDIIOXHQWPHFKDQLFDODQGFKHPLFDOIXQFWLRQV
>@WKLVKDVLQGXFHGE\VXSUDPROHFXODULQWHUDFWLRQVEHWZHHQEDVLFEXLOGLQJEORFNVWRIRUP
LQIRUPDWLYHVWUXFWXUHVXQGHUWKHUPRG\QDPLFRUNLQHWLFFRQWUROLQDRQHVWHSSURFHVV7KHUHIRUH
6$3VKROGJUHDWSRWHQWLDOWRDFWDVIXQFWLRQDOELRPDWHULDOVIRUWKHH[SORLWDWLRQRIDQV\QWKHWLF
\HW HIILFLHQW ELRPLPHWLF VFDIIROG ZKLFK FDQ EH HDVLO\ HQJLQHHUHG IRU D YDULHW\ RI FOLQLFDO




DSSOLFDWLRQVVXFKDVWLVVXHHQJLQHHULQJ>@QDQRIDEULFDWLRQ>@HOHFWURQLFV>@FHOOEDQNLQJ
>@FRQWUROOHGGUXJGHOLYHU\DQGUHJHQHUDWLYHPHGLFLQH>@

$³ERWWRPXS´DSSURDFKKDVEHHQXVHG WR LQFOXGHGHVLUDEOHELRORJLFDO FXHV LQVSLUHGE\ WKH
QDWXUDO FHOOXODUPLFURHQYLURQPHQWZLWKLQ D 6$3 WKDW IRUPV D K\GURJHO XQGHU SK\VLRORJLFDO
FRQGLWLRQV 5HFHQWO\ UHVHDUFK KDV IRFXVHG RQ WKH DVVHPEO\ RI PLQLPDOLVW SHSWLGHV ZKLFK
FDSSHG1RU&WHUPLQDOO\FRYDOHQWO\ZLWKDQDURPDWLFOLJDQG6SHFLILFDOO\6$3VXVHGLQWKLV
ZRUNFRPSRVHGRIDVKRUWSHSWLGHVHTXHQFHZLWKK\GURSKRELFDURPDWLFSHSWLGHV1WHUPLQDOO\
FRQMXJDWHG WRDQDURPDWLF)PRFJURXS >@6HOIDVVHPEO\ LV LQGXFHGE\ WKHʌʌ VWDFNLQJ
EHWZHHQ)PRFJURXSVDQGIXUWKHUVWDELOLVHGE\QRQFRYDOHQWLQWHUDFWLRQVEHWZHHQWKHSHSWLGH
VHTXHQFHV )LJXUH  7KHVH PROHFXOHV VHOIRUJDQLVH WKURXJK D SURFHVV NQRZQ DV ʌȕ
DVVHPEO\ VSHFLILFDOO\ WKH PROHFXOHV LQWHUDFW WKURXJK K\GURSKRELF LRQLF DQG DURPDWLF
LQWHUDFWLRQVWRIRUPDQDQRVFDOHILEURXVVFDIIROGXQGHUSLQQHGE\LQWHUORFNHGVWDFNLQJRIȕVKHHW
VWUXFWXUH DWa c LQWHUYDOV >@7KHVH LQWHUDFWLRQVGULYH DQG VWDELOLVH WKH WKHUPRG\QDPLF
SURFHVVRIWKHKLJKO\RUJDQLVHGILEUHVDQGWXEHVWKDWLQWXUQWRIRUPWKHPDFURVFDOHK\GURJHO
>@7KHVLPSOHVWQDWXUHRIWKLVVFDIIROGLVHQGRZHGE\WKHLQYROYHPHQWRI)PRFJURXS
DVDVWDFNLQJPROHFXOHWKHUHE\DOORZLQJFRQWUROOHGWXEXODUDVVHPEO\DQGDYRLGLQJXQGHVLUDEOH
IRUPDWLRQRIDP\ORLGSURWHLQ>@$OVR)PRFDPLQRDFLGVDQGSHSWLGHVKDYHEHHQVKRZQWR
KDYHERWKDQWLLQIODPPDWRU\>@DQGQHXURSURWHFWLYHHIIHFWV>@

5*'GHULYHGIURPILEURQHFWLQLVRQHRIWKHVLPSOHVWSHSWLGHVHTXHQFHVWKDWKDVEHHQVKRZQ
WR SURPRWH FHOO DGKHVLRQ >@ 5*' KDV EHHQ FRYDOHQWO\ DWWDFKHG WR D UDQJH RI K\GURJHO
V\VWHPV LQRUGHU WR LQYROYH LQWHJULQVRQ WKHVXUIDFHRI WKHFHOOFRQVHTXHQWO\ LQFUHDVLQJ WKH
LQWHUDFWLRQVEHWZHHQ WKH FHOO DQG WKH VFDIIROG > @ ,W UHTXLUHV WR HQJLQHHU6$3V WKDW
DVVHPEOHXQGHUSK\VLRORJLFDOFRQGLWLRQVLGHDOO\DTXHRXV&S+KLJKLRQLFVWUHQJWK




aP0DQGIUHHRIRUJDQLFVROYHQWetcIRUELRORJLFDODSSOLFDWLRQV6RIDUPDQ\GHVLJQ
VWUDWHJLHVKDYHEHHQHPSOR\HGWRVXFFHVVIXOO\LQFRUSRUDWH5*'LQWRD6$3VFDIIROGKRZHYHU
PRVWO\DVDSHQGDQWJURXSFRQQHFWWRDPXFKODUJHUDVVHPEOLQJUHVLGXH>@RUDWWDFKHGWRD
SHSWLGHDPSKLSKLOH>@,QRUGHUWRHIIHFWLYHO\LQFRUSRUDWH5*'LQWRDPLQLPDOLVW6$3VFDIIROG
8OLMQ DQG FRDXWKRUV XVHG WKH VHOIDVVHPEO\ RI ORZ FRQFHQWUDWLRQV RI )PRF5*'ZLWKLQ D
VWUXFWXUHIRUPHGSUHGRPLQDQWO\E\)PRF))KRZHYHUHIIRUWVWRLQFUHDVHWKHFRQFHQWUDWLRQRI
5*'LQGXFHGDGLVUXSWLRQRQWKHPDWUL[>@+DPOH\et al.WKHUHE\H[WHQGHGWKLVDSSURDFK
E\ IRUPLQJJHOVRQO\ IURP)PRF5*'>@ DQG WKHVHDWWHPSWVSURYHG VXFFHVVIXO IRU FHOO
FXOWXUHKRZHYHUWKHVFUDPEOHGFRQWURO)PRF*5'ZDVREVHUYHGWRIRUPDJHOZLWKSURPLQHQW
PDWHULDO GLIIHUHQFHV LQ VSLWH RI SURGXFLQJ D XQLIRUP VFDOH RI QDQRILEULOV SDUWLFXODUO\ WKH
GHFUHDVH RI ERWK RSWLFDO FODULW\ DQG PHFKDQLFDO VWLIIQHVV >@ ,W KDV REVHUYHG WKDW VXFK
PDWHULDOHIIHFWVDUHGXHWRWKH\GLGQRWDVVHPEOHDWRSWLPDOFRQGLWLRQV>@7KLVFDQEHGLUHFWO\
FRUUHODWHGZLWKWKH6$3VWKHUPRG\QDPLFVWDELOLW\WKDWVWDELOLVHWKHVHOIDVVHPEOHGVWUXFWXUH
GLVSOD\LQJWKDWLQWKHSUHYLRXVH[DPSOHVWKDWWKHVFUDPEOHGVHTXHQFHVZHUHQRWVXLWHGIRUVHOI
DVVHPEO\DVWKHVHTXHQFHOHDGLQJWRQRQLGHDONLQHWLFDOO\HQWUDSSHGVWUXFWXUHV>@7KHVH
LQKRPRJHQHRXVK\GURJHOVDQGSRRUO\VWUXFWXUHGQDQRILEUHVOHDGWRUHPDUNDEOHGLIIHUHQFHVLQ
WKHILQDOELRPHFKDQLFDOSURSHUWLHVDQGDVVXFKGRQRWSURYLGHDFRPSDUDEOHSODWIRUPWKDWWUXO\
GHWHUPLQHVWKHELRDYDLODELOLW\RIWKH5*'ZLWKLQWKHDVVHPEOHGFRQVWUXFWV>@
 5HVXOWVDQG'LVFXVVLRQ
7KHUDWLRQDOGHVLJQRI)PRF6$3DQGWKHIRUPDWLRQRIK\GURJHOV
:H K\SRWKHVLVHG WKDW E\ LQVHUWLQJ WKH 5*' VHTXHQFH DV D IXQFWLRQDO EORFN LQWR WKH VHOI
DVVHPEOLQJ)PRF))PRWLIWKHQWKHIODQNLQJ)UHVLGXHVZRXOGJUHDWO\HQKDQFHWKHVWDELOLW\RI
WKHVHOIDVVHPEO\XQGHUSK\VLRORJLFDOFRQGLWLRQV,QDGGLWLRQGXHWRWKHVWDELOLVLQJIXQFWLRQRI
WKHUHVLGXHVWKHQWKHVFUDPEOHGSHSWLGHVHTXHQFHZRXOGDOVR\LHOGDVWDEOHDQGWUDQVSDUHQWJHO




ZLWKDQHTXLYDOHQWEXONQDQRDQGPLFURVFDOHPRUSKRORJLHVWKDWGLIIHUVRQO\LQWKHVHTXHQFHRI
WKH UHVLGXHV 7KHUHIRUH LQ RUGHU WR GHWHUPLQH WKH ELRDFWLYLW\ RI WKH LQVHUWHG HSLWRSH ZH
GHVLJQHGWZR6$3V)PRF)5*')DQG)PRF)'*5))LJXUH$

)LJXUH,OOXVWUDWLRQRIVHOIDVVHPEO\SURFHVVDQG'FHOOFXOWXUHLQWKHVHWZRSHSWLGHK\GURJHOV
$ 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH WZR )PRFSHSWLGHV % ʌ6WDFNLQJ UHG DUURZ DQG ȕVKHHW
LQWHUDFWLRQVRUDQJHDUURZOHDGWRWKHIRUPDWLRQQDQRILEULOVZKLFKVXSUDPROHFXODUO\DOLJQWRIRUPWKH
VHOIDVVHPEOHGPDWUL[&,PDJHRIWKHWZRUHVXOWDQWK\GURJHOVZKLFKDUHHTXLYDOHQWLQRSWLFDOFODULW\
DQG PHFKDQLFDO VWUHQJWK ' 6FKHPDWLF UHSUHVHQWDWLRQ RI ' FHOO FXOWXUH RI KXPDQ PDPPDU\
ILEUREODVWV:KHQ)PRF)5*')LVSUHVHQWLQWKHV\VWHPWKHFHOOVRUJDQLVHD'HQYLURQPHQWZKHQ
)PRF)'*5)LVXVHGWKHFHOOVEHJLQWRVSUHDGRQWKH'HQYLURQPHQWRIWKHVOLGH
%DVHGRQWKH]ZLWWHULRQLFSURSHUWLHVRIWKH6$3VWKHVHOIDVVHPEO\)LJXUH%ZDVLQLWLDWHG
viaDZHOOHVWDEOLVKHGS+VZLWFKPHWKRG>@+HUHDPLQLPDODPRXQWRI1D2+VROXWLRQ
0ZDVXVHGVRWKDWLRQLVDEOHJURXSVRQWKHSHSWLGHVEHFDPHFKDUJHGDOORZLQJWKH6$3VWREH
IXOO\ VROXELOLVHG7KHQ D GURSZLVH DGGLWLRQRI+&O VROXWLRQ 0 VORZO\QHXWUDOLVH WKHVH
FKDUJHVXQWLODS+ZDVUHDFKHGZKHUHVROXELOLW\RI WKH6$3VZDVUHGXFHGVXIILFLHQWO\DQG
GLVRUGHUHGDQGLQGLYLGXDO6$3PROHFXOHVWXUQLQWRVXSUDPROHFXODUO\RUGHUHGILEULOODUVWUXFWXUHV
7KLVSURFHVVZDVGLUHFWO\YLVXDOLVHGDVDVROXWLRQWRJHOWUDQVLWLRQDWaS+$WWKLVSRLQWWKH




K\GURJHOV)LJXUH&ZHUHPDGHXSWRWKHUHTXLUHGILQDOFRQFHQWUDWLRQZYZLWK3%6
EXIIHU RU FHOO FXOWXUHPHGLDPDLQWDLQLQJ WKH VDPH LRQLFDQGS+FRQGLWLRQVDV UHTXLUHG WR
WULJJHUWKHWUDQVLWLRQ,WKDVEHHQVKRZQWKDWWKLVSURFHVVFDQEHRSWLPLVHGIRUELRORJLFDOS+
DQG LRQLFFRQGLWLRQVDOORZLQJ WKHVSRQWDQHRXV IRUPDWLRQRI WUDQVSDUHQWK\GURJHOV >@
ZKLFKLVLQGLFDWLYHRIZHOORUGHUHGKRPRJHQHRXVV\VWHPVUHTXLUHGIRUWKHFRUUHFWYLVXDOLVDWLRQ
RIFHOOFXOWXUHDSSOLFDWLRQV>@)LJXUH'
 ,QYHVWLJDWLRQRIQDQRDQGPLFURVFDOHPRUSKRORJ\
$OWHULQJWKHFRQVWLWXHQWDPLQRDFLGVRIDQ)PRFSHSWLGHKDVSUHYLRXVO\EHHQVKRZQWR\LHOGD
PDUNHGFKDQJHLQILEULOPRUSKRORJ\>@7RFRQILUPWKDWWKHWZRVHTXHQWLDOO\GLIIHUHQW
6$3V IRUPHG VLPLODU QDQRILEURXV PDWULFHV QHJDWLYHO\ VWDLQ 7(0 DQG $)0ZHUH XVHG WR
YLVXDOLVHWKHEXONQDQRVFDOHDQGPLFURVFDOHPRUSKRORJLHVUHVSHFWLYHO\)LJXUH

)LJXUH,PDJLQJRIVWUXFWXUHVXQGHUSLQQLQJWKHIRUPDWLRQRIWKHSHSWLGHK\GURJHOV$7(0
RI)PRF)5*')DQG%$)0RI)PRF)'*5)&DQG'HTXLYDOHQW$)0LPDJHV




7(0LPDJHV)LJXUH$%VKRZHGWKDWVDPSOHVRIERWKK\GURJHOV\LHOGHGKLJKO\FRQVHUYHG
QDQRILEULOODUPRUSKRORJLHV,QHDFKFDVHW\SLFDOILEURXVPRUSKRORJLHVRIaQPLQGLDPHWHU
DQGPLFURQV LQ OHQJWKZHUHREVHUYHG:KHQ WKHPLFURVFDOHZDVYLVXDOLVHGvia$)0 WKHVH
QDQRILEULOVZHUHREVHUYHGWRLQWHUZHDYHDQGIRUPVLPLODUQHWZRUNV)LJXUH&'KRZHYHU
LW ZDV REVHUYHG KHUH WKDW VXVWDLQLQJ WKH FRQVWLWXHQW DPLQR DFLGV EXW WXQLQJ WKHLU VHTXHQFH
EURDGO\FRQVHUYHGERWKRQDQDQRDQGPLFURVFDOHWKHPRUSKRORJ\DQGRUJDQLVDWLRQ
 &KDUDFWHULVDWLRQ RI VHOIDVVHPEOLQJ PHFKDQLVP DQG PHFKDQLFDO
SURSHUWLHV
6SHFWURVFRSLF PHWKRGV DUH W\SLFDOO\ XVHG IRU WKH FKDUDFWHULVDWLRQ RI WKH EXON LQWHU DQG
VXSUDPROHFXODUDVVRFLDWLRQVGULYHQE\)PRF6$3V>@)LUVWO\)7,5ZDVXVHGWRLQYHVWLJDWH
WKHSHSWLGHVHTXHQFHRUJDQLVDWLRQRI WKHSHSWLGHPRWLIVZLWKLQWKHEDFNERQH)LJXUH$
6LJQDOV ZLWKLQ WKH DPLGH , UHJLRQ  FP DUH UHODWHG WR WKH VHFRQGDU\ VWUXFWXUH
IRUPHGEHWZHHQSHSWLGHVHTXHQFHV>@$QDO\VLVRIERWKK\GURJHOVGLVSOD\HGDPDMRUSHDN
DWaFP )LJXUH$ZKLFKVKRZV WKHSUHVHQFHRIȕVKHHW VWUXFWXUH)XUWKHUPRUH
DQRWKHUVPDOOHUSHDNFHQWUHGRQFPLQGLFDWHVWKHH[LVWHQFHRIVRPHĮKHOLFDOVWUXFWXUHV
7KHSHDNREVHUYHGEHWZHHQDQGFPLQGXFHGE\WKHRUJDQLVDWLRQRIWKH&WHUPLQDO
FDUER[\OJURXSV>@7KHVHVSHFWUDDUHLQDFFRUGDQFHZLWKWKRVHH[SHFWHGIURPFODVVLFDOʌȕ
DVVHPEO\>@7KHLQWHUDQGLQWUDILEULOODURUJDQLVDWLRQRIQDQRVWUXFWXUHGSHSWLGHV\VWHPVKDV
EHHQREVHUYHGWRJLYHUHPDUNDEOHFKLUDOVSHFWUDZKHQDQDO\VHGXVLQJ&'>@$PLQRDFLGV
DUHFKLUDOPROHFXOHVZKLFKZKHQRUJDQLVHGLQWRKLHUDUFKLFDOVHOIDVVHPEOHGVWUXFWXUHVFDXVHD
VWURQJFKLUDOSHDN>@7KHUHDUHWKUHHFKDUDFWHULVWLFWUDQVLWLRQVRIWKHʌȕFODVVRIDVVHPEOHG
ILEULOVZKHQ XVLQJ&' DQDO\VLV )LJXUH % 3HDNV EHWZHHQ  DQG  QP UHJLRQ DUH
LQGXFHGE\DURPDWLF)PRFRULHQWDWLQJviaʌVWDFNLQJDJUHHLQJZLWKRWKHUVLPLODUDVVHPEOLHV
>@WUDQVLWLRQEHORZQPLQGLFDWHVWKHSUHVHQFHRIȕVKHHWVWKHUHE\UHLQIRUFLQJWKH)7,5


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
UHVXOW>@DQGILQDOO\WKHSHDNZLWKLQQPLQGLFDWHVEXQGOLQJDPRQJWKHILEULOVGULYHQ
E\VXUIDFHLQWHUDFWLRQVLJQDOVEURDGO\VLPLODU WRPDFURPROHFXOHV>@,QWHUHVWLQJO\ WKH
&RWWRQHIIHFWGLVSOD\HGDWQPDQGDJHQHUDO UHGVKLIWRI WKHVSHFWUDZLWKLQQP
UHSUHVHQWVRSSRVLWHFKLUDOLW\DQHIIHFWZKLFKKDVEHHQVKRZQSUHYLRXVO\IRUVFUDPEOHGSHSWLGH
VHTXHQFHV7KLV SKHQRPHQRQPD\ EH GXH WR WKH VZDSSLQJ RI WKH EDVLF DUJLQLQH DQG DFLGLF
DVSDUWLFDFLGVLGHFKDLQVIODQNLQJWKHIUHHO\URWDWLQJJO\FLQHUHVLGXHFKDQJLQJWKHRYHUDOOFKLUDO
RUJDQLVDWLRQRIWKHILQDOQDQRILEUH>@7KHH[WHQVLYHLQWHUDFWLRQVEHWZHHQWKH)PRFJURXSV
SURGXFHVLJQLILFDQWIOXRUHVFHQFHHPLVVLRQV7KHIOXRUHVFHQFHHPLVVLRQVSHFWUDRIWKHV\VWHPV
VKRZHGFKDUDFWHULVWLFIHDWXUHVDULVLQJIURPWKLVFODVVRIPDWHULDO)LJXUH&>@,QERWK
K\GURJHOV WKH VSHFWUD GHPRQVWUDWHG VLPLODU IHDWXUHV $ SHDN DW  QP DULVHV IURP WKH
PRQRPHULFIOXRUHQ\OPRLHWLHVDQGDEURDGSHDNFHQWUHGRQQPUHSUHVHQWVH[FLPHU
VSHFLHV>@$VPDOOSHDNREVHUYHGDWDSSUR[LPDWHO\QPLVUHODWHGZLWKWKHIRUPDWLRQ
RIDQH[WHQGHG-DJJUHJDWH)LJXUH&>@7KHXQLIRUPWUDQVLWLRQVLQGLFDWHWKDWWKHQRQ
FRYDOHQWLQWHUPROHFXODULQWHUDFWLRQVZKLFKDUHW\SLFDORIWKHʌȕDVVHPEO\WKDWGHWHUPLQHWKH
ILQDO VHOIDVVHPEOHGVWUXFWXUHZHUHXQDIIHFWHGGHPRQVWUDWLQJ WKDW WKHSHSWLGHVHOIDVVHPEO\
GLGQRWJHWVHULRXVO\DIIHFWHGE\WKHFKDQJHRIWKHSHSWLGHVHTXHQFHVUHVXOWLQJLQDEURDGO\
VLPLODUDUUDQJHPHQWZLWKLQWKHILEULOV
)LQDOO\WKHPHFKDQLFDOVWLIIQHVVRIWKHK\GURJHOVZHUHFRPSDUHGWKURXJKUKHRORJLFDODQDO\VLV
,QERWKV\VWHPVWKHHODVWLFPRGXOXV*¶LVJUHDWHUWKDQWKHYLVFRXVPRGXOXV*´IRUWKHZW
K\GURJHOV LQGLFDWLQJ WKH YLVFRHODVWLF JHO EHKDYLRXU UDWKHU WKDQ D VRO )LJXUH ' >@
,PSRUWDQWO\DOPRVWLGHQWLFDOWUDFHVIRUHDFKPRGXOXVRYHUDUDQJHRIIUHTXHQFLHVZHUHREVHUYHG
LQERWKV\VWHPV$VILEUREODVWFHOOOLQHVDUHKLJKO\GHSHQGHQWRQWKHVWLIIQHVVRIWKHVFDIIROG
WKHVHFORVHO\PDWFKHGPHFKDQLFDOSURSHUWLHVDUHYHU\LPSRUWDQWIRUK0)&V>@



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

)LJXUH&KDUDFWHULVDWLRQRIWKHWZR)PRF6$3K\GURJHOV$)7,5WUDFHRIWKHDPLGH,UHJLRQ
LQGLFDWLQJWKHVDPHW\SLFDOȕVKHHWIRUPDWLRQ%&'VSHFWUDRIERWKDVVHPEOLHVVKRZFKDUDFWHULVWLF
WUDQVLWLRQV & )OXRUHVFHQFH VSHFWUD RI ERWK JHOV VKRZLQJ WKH VLPLODU PRQRPHU H[FLPHU DQG -
DJJUHJDWHIRUPDWLRQH[SHFWHGIURPWKLVFODVVRIPDWHULDO'5KHRORJLFDOFKDUDFWHULVDWLRQRIZW
K\GURJHOV*¶*´WUDFHVRIWKHUHVXOWDQWK\GURJHOVLQGLFDWHHTXLYDOHQWPHFKDQLFDOSURSHUWLHV
 &HOO PRUSKRORJ\ DQG FHOO YLDELOLW\ RI WKH ' FHOO FXOWXUH LQ ERWK
K\GURJHOV
3ULPDU\K0)&VZHUHFKRVHQDVDQDWWDFKPHQWPRGHOFHOOOLQHWRWHVWWKHELRDYDLODELOLW\RIWKH
SHSWLGHVHTXHQFHZLWKLQWKH)PRF6$3VFDIIROGVK0)&VKDYHEHHQVKRZQWRUHVSRQGWRERWK
WKHPHFKDQLFDOVWLIIQHVVDQGWKHSUHVHQWDWLRQRI5*'ZLWKLQWKHORFDOPLOLHXSURYLGHGE\WKH
K\GURJHO>@5HVHDUFKKDVVKRZQWKDWZKHQFXOWXUHGZLWKLQDFROODJHQ'PDWUL[WKHVH
FHOOVVKRZURXQGHGPRUSKRORJ\LQUHVSRQVHWRWKHPRUHQDWLYHO\VWUXFWXUHGPLFURHQYLURQPHQW
UDWKHUWKDQDIODWWHQHGDQGVSUHDGSKHQRW\SHIRUWKRVHFHOOVFXOWXUHGRQULJLG'VXUIDFHV>@
7KH FRYDOHQWO\ FRQQHFWHG KLJK GHQVLW\ SUHVHQWDWLRQ RI5*' WR WKHVH FHOOV RQ SRO\HWK\OHQH
JO\FRO EDVHG VFDIIROGV KDV EHHQ VKRZQ WR LQGXFH LQFUHDVHG LQWHJULQ ELQGLQJ DQG WKHUHIRUH




GHFUHDVHPRWLOLW\>@$GGLWLRQDOO\WKHJURZWKRIILEUREODVWFHOOVLVKLJKO\GHSHQGHQWRQWKH
PHFKDQLFDOSURSHUWLHVRIWKHVFDIIROG>@7RKLJKOLJKWWKHSRWHQWLDOIRUWKHVHVFDIIROGV
WRH[KLELWFHOOPDWUL[IXQFWLRQDOLW\WKHEHKDYLRXURIK0)&VZHUHFRPSDUHGLQ)PRF)5*')
DQG)PRF)'*5)'FXOWXUHV\VWHPV7KHK\SRWKHVLVLVWKDWLIWKHWZR6$3K\GURJHOVZHUH
OD\HUHGRQVOLGHVFRDWHGZLWKWLVVXHFXOWXUHSODVWLFLWZRXOGSURYLGHDFRPSHWLQJELRORJLFDOO\
DYDLODEOH VXUIDFH FHOOVZRXOG QRW UHFRJQLVH'*5 DV D ELRDFWLYH VLJQDOZKLOVW5*'ZRXOG
SURPRWHFHOOXODUDGKHVLRQ>@

7KHK\GURJHOVIRUPHGviaDS+VZLWFKPHWKRGWRSURGXFHDK\GURJHORIZWDQGWKHQPDGH
XSWRWKHILQDOYROXPHZLWKFHOOFXOWXUHPHGLDWRHQVXUHWKHHVWDEOLVKPHQWRISK\VLRORJLFDOFHOO
FXOWXUH FRQGLWLRQV K0)&V ZHUH WKHQ VHHGHG RQ WKH VXUIDFH RI WKH K\GURJHOV ZLWK DQ
DSSUR[LPDWHPPWKLFNQHVVDQGLQFXEDWHGIRUGD\V$OLYHGHDGVWDLQZDVXVHGWRYLVXDOLVH
WKLVSURFHVVDQGDQ076DVVD\ZDVSHUIRUPHGIRUGD\VDWKLQWHUYDOVWRFOHDUO\XQGHUVWDQG
FHOO YLDELOLW\ 076 DVVD\ VKRZHG WKDW UHGXFHG YLDELOLW\ LQ WKH )PRF)'*5) V\VWHP ZDV
REVHUYHGZLWKFHOOGHDWKRFFXUULQJXQWLOGD\ZKHUHFHOOQXPEHUVZHUHREVHUYHGWRSODWHDX
)LJXUH % VXJJHVWLQJ WKDW UHGXFWLRQ LQ FHOO QXPEHUZDV GXH WR WKH HQYLURQPHQW EHLQJ
VXERSWLPDO DQG WKHSHSWLGHZDVQRQF\WRWR[LF LQ LWVHOI >@ ,PSRUWDQWO\ RQO\ WKRVH FHOOV
GLUHFWO\ DWWDFKHG WR WKH WLVVXH FXOWXUH SODVWLF VXUIDFH ZHUH REVHUYHG WR VSUHDG DQG GLVSOD\
IODWWHQHGVDWHOOLWHPRUSKRORJ\ LQ WKH)PRF)'*5)K\GURJHO )LJXUH&7KLVREVHUYHG
LQFUHDVHLQGHQVLW\RIVWUHVVILEUHVLVDW\SLFDOFKDUDFWHULVWLFRIILEUREODVWVZKHQJURZQRQ'
VXUIDFHV>@,QFRQWUDVWWKHFHOOVVHHGHGRQ)PRF)5*')ZHUHREVHUYHGWRPLJUDWH
LQWRDQGGLVWULEXWHHYHQO\WKURXJKRXWWKHK\GURJHODQGGLVSOD\HGKLJKOHYHOVRIYLDELOLW\)LJXUH
$,PSRUWDQWO\YHU\IHZFHOOVZHUHREVHUYHGWRPLJUDWHWRWKHWLVVXHFXOWXUHSODVWLFVXUIDFH
LQGLFDWLQJWKDWWKHKLJKGHQVLW\RI5*'ZLWKLQWKHQDQRILEULOVUHVXOWHGLQUHGXFHGPLJUDWLRQ
7KHPRUSKRORJ\RIWKHILEUREODVWVZDVVLJQLILFDQWO\GLIIHUHQWVKRZLQJHYLGHQFHRIDURXQGHG




PRUSKRORJ\ZLWKSURPLQHQWILORSRGLD)LJXUH&6XFKURXQGHGPRUSKRORJLHVDQGGHQGULWLF
H[WHQVLRQVDUHW\SLFDORI'FHOOFXOWXUHLQHIIHFWLYHO\IXQFWLRQDOLVHGK\GURJHOVFDIIROGV>
@7KHFHOOVSUHVHQWWKHVHH[WHQVLRQVDVDFKDUDFWHULVWLFUHVSRQVHWRVRIWµIORDWLQJ¶'
PDWULFHVZKHUHWKHF\WRVNHOHWRQLVRUJDQLVHGZLWKOHVVVWULQJHQWVWUXFWXUHV7KLVUHVXOWVLQOHVV
VWUHVV ILEUHV WKHUHE\ DOORZLQJ UHPRGHOOLQJ DQG WKH IRUPDWLRQ RI GHQGULWLF VWUXFWXUHV >@
7KHVHFHOOVZHUHREVHUYHG WRSUHVHQWPRUSKRORJLHV VLJQLILFDQWO\GLIIHUHQW WR WKH'FRQWURO
V\VWHPZKLFK VKRZHG WKH W\SLFDO VSUHDGPRUSKRORJLHVZLWK D KLJK GHQVLW\ RI VWUHVV ILEUHV
UHSUHVHQWLQJWKHVWDWLFIRFDOLQWHUDFWLRQVW\SLFDORI'DWWDFKPHQW

)LJXUH In vitro 'FHOOFXOWXUH $K0)&VZHUHYLVXDOLVHGDIWHUGD\VRIFXOWXUHE\IOXRUHVFHQFH
PLFURVFRS\ WR XQGHUVWDQG WKH YLDELOLW\ DQG VSDWLDO GLVWULEXWLRQ LQ WKHK\GURJHOV )PRF)5*') OHIW
LPDJH)PRF)'*5)ULJKWLPDJHVKRZLQJWKHOLYHFHOOVJUHHQDQGGHDGFHOOVUHG%$Q076
DVVD\ZDVSHUIRUPHG WRGHWHUPLQH WKHFHOOYLDELOLW\ LQHDFKV\VWHPRYHUGD\V &$IWHUGD\V LQ
FXOWXUHFHOOPRUSKRORJ\ZDVYLVXDOLVHGE\VWDLQLQJFHOODFWLQILODPHQWVDQGYLVXDOLVHGE\IOXRUHVFHQFH
PLFURVFRS\7RSLPDJHDFWLQILODPHQWVWDLQLQJRQFHOOVJURZLQJLQ'LQWKH)PRF)5*')K\GURJHO
%RWWRPLPDJHDW\SLFDOFHOOWKDWKDVPLJUDWHGWKURXJKWKH)PRF)'*5)K\GURJHO7KHDUURZVLQGLFDWH
WKHSUHVHQFHRIGHQGULWLFVWUXFWXUHVLQWKHURXQGHGDQGIODWWHQHGPRUSKRORJLHV




%DVHGRQ WKLVSDUW RIZRUN LWZDV VKRZQ WKDW ILEULOV DVVHPEOHG IURP WKH VFUDPEOHG)PRF
)'*5)VHTXHQFHODFNHGDELRFKHPLFDOVLJQDWXUHHQDEOLQJVLJQDOLQGHSHQGHQWPRWLOLW\2QWKH
FRQWUDU\ )PRF)5*') ZDV DEOH WR HQFRXUDJH WKH LQWHUDFWLRQ RI WKH FHOOV ZLWK WKH '
QDQRILEURXVK\GURJHO7KHVHILQGLQJVVXJJHVWWKDWWKHFHOOVFDQµVHQVH¶WKHFXHVSURYLGHGE\WKH
HQYLURQPHQWDQGZLOOµLJQRUH¶K\GURJHOVWKDWDUHQRWIXQFWLRQDOLVHGWRFDUU\VXFKVLJQDOV7KH
LQWURGXFWLRQE\WKHVLPSOHLQFRUSRUDWLRQRIIXQFWLRQDOLVHGSHSWLGHVHTXHQFHZLWKLQWKHIODQNLQJ
DURPDWLFUHVLGXHVWKHUHIRUH\LHOGVRIDVHOIDVVHPEOHGVWUXFWXUHWKDWLVPRUHDQDORJRXVWRWKH
QDWLYH(&0WKDQDVHTXHQFHRSWLPLVHGVROHO\IRUVHOIDVVHPEO\
 &RQFOXVLRQ
7KLVFKDSWHUGHPRQVWUDWHVDVWUDWHJ\IRUWKHHIIHFWLYHSUHVHQWDWLRQRIELRDFWLYHFXHVDWDKLJK
GHQVLW\H[SUHVVHGRQ WKH VXUIDFHRIDPLQLPDOLVW VHOIDVVHPEOLQJSHSWLGHQDQRILEULO5HVXOWV
KDYHGHPRQVWUDWHGWKDWFHOOPRUSKRORJ\LVKLJKO\VXSSRUWHGE\WKH)PRF)5*')K\GURJHO
SURYLGLQJDIDYRXUDEOHSK\VLFDODQGELRFKHPLFDOPLFURHQYLURQPHQWIRUWKHFHOOVZLWKHQKDQFHG
FHOOYLDELOLW\,PSRUWDQWO\WKHLQFOXVLRQRIWKLVVHTXHQFHKDVQRGHWULPHQWDOHIIHFWRQWKHQRQ
FRYDOHQW LQWHUDFWLRQVEHWZHHQHDFK6$3UHVSRQVLEOH IRU VHOIDVVHPEO\7KH UHVXOWLQJ)PRF
)5*')6$3\LHOGVDQDQRILEURXVVFDIIROGWKDWLVDEOHWRSUHVHQWKLJKO\UHOHYDQWELRFKHPLFDO
DQGELRPHFKDQLFDOVLJQDOVDWSK\VLRORJLFDOS+WRFHOOVin vitro. 7KHVHVFDIIROGVZLOODOVREH
XVHGWRSURPRWHWKHVHFUHWLRQRIQDWXUDO(&0IDFWRUVLQWKHODWHUZRUNZKLFKPD\SRWHQWLDOO\
DOORZWKHIRUPDWLRQRIDGHILQHGWLVVXHDOORZLQJWKLVWHFKQRORJ\WREHWUDQVIHUUHGIRUWLVVXH
HQJLQHHULQJDSSOLFDWLRQV




&KDSWHU 7XQLQJWKH0HFKDQLFDODQG0RUSKRORJLFDO
3URSHUWLHVRI6HOI$VVHPEOHG3HSWLGH+\GURJHOVYLD
&RQWURORYHUWKH*HODWLRQ0HFKDQLVPWKURXJK
5HJXODWLRQRI,RQLF6WUHQJWKDQGWKH5DWHRIS+&KDQJH

8VLQJWKHFRQGLWLRQVXQGHUZKLFKWKHVHOIDVVHPEO\SURFHVVRFFXUVZHUHSRUWHGRQDVLPSOH
ZD\WRWXQHWKHK\GURJHO¶VPRUSKRORJLFDODQGPHFKDQLFDOSURSHUWLHV7KLVZDVUHTXLUHGWRWXQH
WKHPDWHULDOSURSHUWLHVWRPDWFKWKHin vivoFHOOXODUPLFURHQYLURQPHQWLQWHUPVRIWRSRJUDSK\
DQG ULJLGLW\ VXFK DV LQ EUDLQPXVFOH DQG ERQH WKLV UHTXLUHV WKH ELRPDWHULDOV WR WXQH WKHLU
SURSHUWLHVDFFRUGLQJO\IRUGLIIHUHQWin vivoXVH


&RQWULEXWLRQRIWKHFDQGLGDWH
,GLGDOOWKHZRUNLQWKLVFKDSWHUH[FHSWWKHWLPHFRXUVHRI*G/WLWUDWLRQ 




Publications relevant to this chapter: 

5XL/L&RQRU&+RUJDQ%HQMDPLQ/RQJ$OH[DQGUD/5RGULJXH]/DXUHQ0DWKHU&ROLQ-
%DUURZ'DYLG51LVEHWDQG5LFKDUG-:LOOLDPV7XQLQJWKHPHFKDQLFDODQGPRUSKRORJLFDO
SURSHUWLHVRIVHOIDVVHPEOHGSHSWLGHK\GURJHOVviaFRQWURORYHUWKHJHODWLRQPHFKDQLVPWKURXJK
UHJXODWLRQ RI LRQLF VWUHQJWK DQG WKH UDWH RI S+ FKDQJHRSC advances   
5HSURGXFHGZLWKSHUPLVVLRQIURP5R\DO6RFLHW\RI&KHPLVWU\
Present at: 
$SULOWK$QQXDO&RQIHUHQFHRIWKH$XVWUDODVLDQ6RFLHW\IRU%LRPDWHULDOVDQG7LVVXH
(QJLQHHULQJ$6%7(6\GQH\16:$XVWUDOLD2UDOSUHVHQWDWLRQ
$EVWUDFW
)PRF)5*') KDV EHHQ VKRZQ WR EH DQ HIILFLHQW K\GURJHODWRU via D ʌȕ VHOIDVVHPEO\
PHFKDQLVP+HQFHLQWKLVFKDSWHULWKDVEHHQVKRZQWKDWWKHULJLGLW\DQGWRSRJUDSK\RI)PRF
)5*')K\GURJHOVFDQEHHIIHFWLYHO\PDQLSXODWHGXVLQJDIDFLOHPHWKRGE\WXQLQJERWKWKHILQDO
LRQLFVWUHQJWKDQGWKHUDWHRIS+FKDQJH5HVXOWVLQGLFDWHWKDWZLWKWKHLQFUHDVHRILRQLFVWUHQJWK
WKHXQGHUO\LQJʌȕDVVHPEO\ZDVQRW LQWHUIHUHG\HW WKHUDWHRIJHODWLRQDQGVWLIIQHVVRI WKLV
)PRFSURWHFWHG SHSWLGH ZDV LQFUHDVHG DFFRUGLQJO\ +RZHYHU E\ WXQLQJ WKH V\VWHP¶V S+
FKDQJHUDWHWKURXJKWKHXVHRIJOXFRQRįODFWRQHWRIRUPDK\GURJHODVRSSRVHGWRSUHYLRXVO\
HPSOR\HG+&OPHWKRGWKHQDQRDQGPLFURVFDOHVWUXFWXUHRIWKHVFDIIROGFDQEHFRQWUROOHG
 




 ,QWURGXFWLRQ
%LRPDWHULDOVKDYHEHHQZLGHO\XVHG WRSURYLGHQHFHVVDU\SK\VLFDO FKHPLFDO DQGELRORJLFDO
VXSSRUWIRUWKHUHJHQHUDWLRQRIGDPDJHGHQGRJHQRXVFHOOVDQGSURPRWLRQRIWKHVXUYLYDODQGRU
GLIIHUHQWLDWLRQRI H[RJHQRXVO\ WUDQVSODQWHGFHOOV >@9DULRXVELRORJLFDOSURFHVVHV LQFOXGLQJ
FHOO SUROLIHUDWLRQ GLIIHUHQWLDWLRQ PLJUDWLRQ DQG FROOHFWLYH FHOO EHKDYLRXU DUH UHODWHG WR
PHFKDQLFDODQGPRUSKRORJLFDOSURSHUWLHVRIWKH(&0>@7KHUHIRUHWKHFRQWURORIULJLGLW\
DQGWRSRJUDSK\RI6$3K\GURJHOVLVHVVHQWLDOLQRUGHUWRFORVHO\PLPLFWKHQDWLYH(&0IRU
ERWK in vitro >@ DQG in vivo >@ DSSOLFDWLRQV 7ZR HIIHFWLYH DSSURDFKHV WR WULJJHU
K\GURJHODWLRQRI6$3VDQGUHJXODWHWKHPHFKDQLFDOSURSHUWLHVRIK\GURJHOVFRQWURORIS+DQG
LRQLFVWUHQJWK>@7KHS+VZLWFKPHWKRGKDVEHHQZLGHO\XVHGWRLQGXFHK\GURJHODWLRQ
GXHWRWKH]ZLWWHULRQLFQDWXUHRISHSWLGHV>@7KHS+VZLWFKPHWKRGLVDIDFLOHURXWH
IRUK\GURJHOIRUPDWLRQEXWGXHWRWKHGURSZLVHDGGLWLRQRI+&OVROXWLRQWKLVDSSURDFKFDQWKH
IRUPDWLRQ RI LQKRPRJHQHRXV WXUELG K\GURJHOV*OXFRQRįODFWRQH *G/ KDV EHHQ XVHG E\
$GDPVet al.DVWKHDFLGLFFRPSRQHQWRIDS+VZLWFKDV*G/FRXOGVORZO\DQGFRQWUROODEO\
LQLWLDWH IRUPDWLRQ RI KRPRJHQHRXV DQG WUDQVSDUHQW K\GURJHOV >@ ,Q$GDPV¶ VWXG\ JHOV
IRUPHGE\*G/KDGPXFKKLJKHUHODVWLFPRGXOXV*¶DQGYLVFRXVPRGXOXV*¶¶DQGZHUH
KRPRJHQHRXV FRPSDUHG WR WKRVH IRUPHG XVLQJ +&O VROXWLRQ +RZHYHU WKH VWLIIQHVV WKH\
GHVFULEHGLVFRQWUDGLFWRU\WRPDQ\RWKHUSUHYLRXVREVHUYDWLRQVJHQHUDOO\DQLQFUHDVHLQWKH
UDWH RI JHODWLRQ LV SURSRUWLRQDO WR DQ LQFUHDVH LQ WKH ILQDO VWLIIQHVV RI WKH K\GURJHO >@
$GGLWLRQDOO\UHVHDUFKKDVVKRZQWKDWE\DOWHULQJDV\VWHP¶VLRQLFVWUHQJWKWKHHODVWLFPRGXOXV
RI D K\GURJHO FDQEH WXQHG+XDQJet al., DPRQJVW RWKHUV KDYH VKRZQ WKDW WKHPHFKDQLFDO
SURSHUWLHVRIK\GURJHOVFDQEHJUHDWO\HQKDQFHGE\WKHDGGLWLRQRIVDOWV>@,DOVRLQGLFDWLQJ
WKDWWKHK\GURJHOIRUPDWLRQVSHHGLVOLQNHGWRLRQLFVWUHQJWK>@





:HKDYHGHPRQVWUDWHGWKDWWKHGHVLJQHG6$3)PRF)5*')LVDQHIIHFWLYHELRPDWHULDOERWKin
vivo>@DQGin vitro >@8VLQJWKLVV\VWHPDVDSODWIRUPZHVKRZWKDWFRQWURORYHUWKH
K\GURJHOV XVLQJ D S+ VZLWFKPHWKRGZLWK YDU\LQJ DFLGLF WULJJHUV 03%6 XVLQJ*G/
FRPSDUHGZLWK03%6XVLQJ+&ODVSRWHQWLDOFHOOFXOWXUHSODWIRUPVGXHWRSK\VLRORJLFDOO\
UHOHYDQWILQDOFRQGLWLRQVZHDOVRGLVFXVVWKHXVHRILQFUHDVHGLRQLFVWUHQJWKWRFRQWUROWKHILQDO
K\GURJHOV¶ VWLIIQHVVE\FRQWUROOLQJ WKH LRQLF VWUHQJWKZLWK00DQG03%6
DOORZLQJWKHLUSRWHQWLDOXVHIRUHQYLURQPHQWDOO\UHVSRQVLYHK\GURJHOV>@GUXJGHOLYHU\
>@DQGELRVHQVLQJ>@
 5HVXOWVDQG'LVFXVVLRQ
 3HSWLGHVHOIDVVHPEO\
,QWKLVFKDSWHU)PRF)5*'))LJXUH$ZDVV\QWKHVLVHGXVLQJWUDGLWLRQDO)PRFSURWHFWHG
6366PHWKRGDQGDZKLWHFU\VWDOOLQHSRZGHUZDVSURGXFHGDWKLJKSXULW\!)LYHVDPSOHV
RIPJ)PRF)5*')K\GURJHOVZHUHSUHSDUHGXVLQJDS+VZLWFKPHWKRGZLWKYDU\LQJLRQLF
VWUHQJWKDQGDFLGLFFRPSRQHQWV03%6XVLQJ*G/)LJXUH%03%6XVLQJ+&O
DQG00DQG03%6XVLQJ+&O)LJXUH&


)LJXUH0ROHFXODUVWUXFWXUHRI)PRF)5*')DQGUHVXOWDQWK\GURJHOVIRUPHGE\*G/DQG+&O
PHWKRGV$7KHFKHPLFDOVWUXFWXUHRI)PRF)5*'))PRFJURXSKLJKOLJKWHGLQEOXH%+\GURJHO
IRUPHGXVLQJ*G/LQ03%6DQG&8VLQJ+&ODWGLIIHUHQW3%6FRQFHQWUDWLRQL03%6
LL03%6LLL03%6DQGLY03%6




)LUVWO\ D WLWUDWLRQ H[SHULPHQWZDV FDUULHG RXW WR LGHQWLI\ WKH FRUUHFW FRQFHQWUDWLRQ RI*G/
UHTXLUHGWRHTXLOLEUDWHWKH6$3K\GURJHODWS+)LJXUH$)RUWKHWLWUDWLRQH[SHULPHQW
0 1D2+ VROXWLRQ ZDV DGGHG WR WKH V\VWHP LQ RUGHU IRU WKH WKRURXJK GLVVROYH RI WKH
SHSWLGHZDWHUPL[WXUHWKHQ*G/ZDVXVHGWRJUDGXDOO\UHGXFHWKHV\VWHP¶VS+,WZDVVKRZQ
WKDWWKHS+RIWKHV\VWHPHTXLOLEUDWHGRYHUDSHULRGPRUHWKDQKGXHWRWKHVORZK\GURO\VLV
RI*G/>@DQGLWZDVQRWHGWKDWZYSUHVHQWHGDVDPSOHZLWKWKHGHVLUHGS+RI
$GGLWLRQDOO\ZLWKRXWWKHDGGLWLRQRI3%6DOOVDPSOHVZHUHXQDEOHWRIRUPVWDEOHK\GURJHOV
:KHQDSSOLHGWRRXUWDUJHW6$3VDPSOHVFRQWDLQLQJ3%6ZY*G/ZLWK03%6
DWUDQVSDUHQWDQGVWDEOHK\GURJHOWKDWSDVVHGWKHLQYHUVLRQWHVWZDVIRUPHGZLWKLQPLQ

)LJXUH7LPHFRXUVHRI*G/WLWUDWLRQDQGPHFKDQLFDOSURSHUWLHVRIWKHK\GURJHOV$7KHS+
FKDQJHRYHUWLPHZKHQ*G/LVDGGHGWR)PRF)5*')%'\QDPLFPRGXOL*¶DQG*´RIK\GURJHOV
IRUPHGXVLQJ*G/LQ03%6DQGXVLQJ+&ODW03%6DQG&XVLQJ+&ODWGLIIHUHQW
FRQFHQWUDWLRQRI3%6000
7KH UHPDLQLQJ K\GURJHOV ZHUH SUHSDUHG E\ D S+ VZLWFK PHWKRG >@ ZKHUH 01D2+
VROXWLRQZDVXVHGWRWRWDOO\VROXELOLVHWKHSHSWLGHZDWHUPL[WXUHDQG+&OZDVWKHQDGGHGGURS
ZLVHWRGHFUHDVHWKHV\VWHPVS+2QFHWKHS+ZDVUHGXFHGWRGLIIHUHQWFRQFHQWUDWLRQVRI
3%6ZHUH VXEVHTXHQWO\ DGGHG LQ RUGHU WR VWDELOLVH WKH V\VWHPV¶ S+:KHQ XVLQJ+&O WKH
GHFUHDVHLQS+ZDVLQVWDQWDQHRXVFRPSDUHGWRWKH*G/PHWKRGEXWLQKRPRJHQHRXV7KHUHIRUH
LW UHTXLUHV FRQVWDQW PL[LQJ WR VXVWDLQ D XQLIRUP S+ SURILOH $W WKH ORZHVW ILQDO 3%6
FRQFHQWUDWLRQ0WKHSHSWLGHIRUPHGDFOHDUK\GURJHOZKLFKSDVVHGWKHLQYHUVLRQWHVW
ZLWKLQPLQXWHV$WDKLJKHU3%6FRQFHQWUDWLRQRI0WKH6$3IRUPHGFOHDUK\GURJHO




ZLWKLQPLQXWHV$WPXFKKLJKHUFRQFHQWUDWLRQVRI3%60DQG0WKHK\GURJHOV
ZHUH IRUPHG ZLWKLQ  PLQXWHV DQG  PLQXWHV UHVSHFWLYHO\ =KRX et al. IRXQG WKH VDPH
SKHQRPHQRQZKHQ'0(0PHGLDZDVXVHGWRIRUPK\GURJHOVXVLQJD)PRF)))PRF5*'
PL[WXUH ZKHUH FRXQWHULRQV VFUHHQ FKDUJHG UHVLGXHV UHGXFLQJ PROHFXODU UHSXOVLRQ >@
+RZHYHULQRXUFXUUHQWUHVHDUFKWKHWUDQVSDUHQF\RIK\GURJHOVGHFUHDVHGDW03%6DQG
EHFDPHRSDTXHDW03%6)LJXUH%WKLVRSDTXHFKDUDFWHUZDVSRVVLEOHGXHWRWKH
LQFUHDVHGK\GURSKRELFLQWHUDFWLRQVSURPRWHGDWKLJKHULRQLFVWUHQJWKSURYLGLQJERWKWKHFR
DVVHPEO\RIWKHSHSWLGHVDVZHOODVSRVVLEOHQRQVSHFLILFDJJUHJDWLRQWKURXJKWKH³VDOWLQJRXW´
HIIHFWLQGXFLQJDFORXG\K\GURJHO>@+RZHYHU)HQJet al.QRWHGWKHRSSRVLWHSKHQRPHQRQ
ZKHUHWKHLUK\GURJHOVEHFDPHFOHDUZLWKDQLQFUHDVHLQLRQLFVWUHQJWKLQGLFDWLQJWKDWWKLVHIIHFW
LVJHODWRUVSHFLILF>@
 'HWHUPLQDWLRQRIPHFKDQLFDOSURSHUWLHV
,Q RUGHU WR SUREH WKH HIIHFW RI WKH IRUPDWLRQ FRQGLWLRQV RQ WKH PDWHULDO SURSHUWLHV ZH
FKDUDFWHULVHG WKH K\GURJHOV PHFKDQLFDO SURSHUWLHV XVLQJ SDUDOOHOSODWH UKHRORJLFDO DQDO\VLV
)LJXUH%	&5HVXOWVVKRZHGWKDWDWORZIUHTXHQFLHVUDGVWKHHODVWLFPRGXOL*¶
RIWKHK\GURJHOIRUPHGXVLQJ*G/DQG03%6ZHUHORZHU*¶a3DUDGVWKDQWKDW
RI K\GURJHO IRUPHG XVLQJ +&O DQG 0 3%6 *¶ a  3D  UDGV $W KLJKHU VZHHS
IUHTXHQFLHV!UDGVWKH*¶DQG*´RIWKHK\GURJHOIRUPHGE\*G/FURVVHGDWUDGV
ZKLFKLQGLFDWHVDJHOVROWUDQVLWLRQFKDUDFWHULVWLFRISRRUPHFKDQLFDOVWDELOLW\2QWKHFRQWUDU\
IRUDOOJHOVIRUPHGXVLQJ+&OWKHHODVWLFPRGXOLZHUHGRPLQDQWO\RYHUWKHYLVFRXVPRGXOLDW
DOOWHVWHGIUHTXHQFLHVLQGLFDWLQJWKDWJHOVWUXFWXUHZDVUHWDLQHGWKURXJKRXWWKHH[SHULPHQW

7KHUKHRPHWU\GDWDDOVR LQGLFDWHGDFKDQJHLQVWLIIQHVV LQ UHODWLRQ WR LRQLFVWUHQJWK)LJXUH
&VKRZVDQLQFUHDVHLQ3%6FRQFHQWUDWLRQIURP0WR0ZDVDFFRPSDQLHGE\D*¶




LQFUHDVHRIVHYHUDORUGHUVRIPDJQLWXGHZKHQXVLQJ+&OWRWXQHWKHS+$VLQGLFDWHGHDUOLHUDW
D3%6FRQFHQWUDWLRQRI0WKHK\GURJHO¶V*¶ZDVORZa3DUDGVZKHQWKH3%6
FRQFHQWUDWLRQZDVLQFUHDVHGWR0WKH*¶LQFUHDVHGE\WZRRUGHUVRIPDJQLWXGHa
3DUDGV$WPXFKKLJKHU3%6FRQFHQWUDWLRQV0DQG03%6*¶a3DDQG
a3DDWUDGVUHVSHFWLYHO\YDOXHVZHUHLQFUHDVHGE\VHYHUDORUGHUVRIPDJQLWXGHLQ
FRPSDULVRQWRWKHJHOIRUPHGDWWKHORZHVW3%6FRQFHQWUDWLRQ07KHLPSURYHPHQWRI
VWLIIQHVVPD\EHGXHWRIDVWHUJHOIRUPDWLRQVSHHGZKLFKKDYHEHHQVKRZQWROHDGWRVWLIIHU
K\GURJHOV>@DQGVWDELOLVDWLRQRIK\GURSKRELFLQWHUDFWLRQVWKURXJKWKH³VDOWLQJRXW´HIIHFW
>@,QDGGLWLRQIRUDOO3%6FRQFHQWUDWLRQVWKH*¶YDOXHVDUHHVVHQWLDOO\LQGHSHQGHQWRIWKH
IUHTXHQF\LQWKHWHVWHGUDQJHWKHHODVWLFPRGXOLZHUHPXFKKLJKHUWKDQYLVFRXVPRGXOLa
3Da3DDQGa3DRIDQG03%6DWUDGVUHVSHFWLYHO\DQGWKHUH
ZDVQRFURVVRYHUSRLQWEHWZHHQ*¶DQG*´LQGLFDWLQJDVWDEOHILEULOODUQHWZRUN>@
 &KDUDFWHULVDWLRQRIVHOIDVVHPEO\PHFKDQLVP
'XHWRWKHVWLIIQHVVZDVLQFUHDVHGE\VHYHUDORUGHUVRIPDJQLWXGHDQGWKHJHOEHFDPHRSDTXH
DWKLJKHU3%6FRQFHQWUDWLRQVLWLVQHFHVVDU\WRLQYHVWLJDWHLIWKHVXSUDPROHFXODUVWUXFWXUHVDUH
VWLOO GULYHQ E\ D ʌȕ DVVHPEO\ 7R YHULI\ WKH VHOIDVVHPEO\ PHFKDQLVP D VHULDOV RI
VSHFWURSKRWRPHWULF PHWKRGV ZHUH HPSOR\HG )75 DQG &' VSHFWURVFRS\ ZHUH XVHG WR
LQYHVWLJDWHWKHSHSWLGHVHFRQGDU\VWUXFWXUHDQGIOXRUHVFHQFHVSHFWURVFRS\ZDVXVHGWRDVVHVV
WKHHQYLURQPHQWRIWKH)PRFJURXS7KHDPLGH,UHJLRQRI)7,5VSHFWUDLVWKHPRVWZLGHO\
XVHGWRHYDOXDWHSHSWLGHVHFRQGDU\VWUXFWXUH>@$VVKRZQLQ)LJXUH$DOOK\GURJHOV
KDYHDFKDUDFWHULVWLFVWURQJ,5DEVRUEDQFHSHDNDWFP±ZKLFKGHPRQVWUDWHVWKDWȕVKHHW
VWUXFWXUHSOD\VDGRPLQDQWUROHLQDOOVDPSOHV>@+RZHYHUZKHQWKH3%6FRQFHQWUDWLRQZDV
LQFUHDVHG0WKHUHZDVDQLQFUHDVHGDEVRUEDQFHDWaFP±LQGLFDWLQJSDUWLDOUDQGRP
FRLOSDWWHUQWKHZDYHOHQJWKKDGEOXHVKLIWLQWKLVFDVH>@7KHSUHVHQFHRIWKHOHVVRUGHUHG




UDQGRPFRLOVWUXFWXUHPD\DOVRFRQWULEXWH WR WKHRSDFLW\RI WKHK\GURJHOV WKURXJK LQFUHDVHG
VFDWWHULQJ&'VSHFWURVFRSLFDQDO\VLVZDVWKHQXVHGWRFRQILUPWKHVHFRQGDU\VWUXFWXUHRIWKH
K\GURJHO$VVKRZQLQ)LJXUH%WKH&RWWRQHIIHFWDWaQPLQGXFHGE\QʌWUDQVLWLRQ
SURYLGHVIXUWKHUHYLGHQFHIRUWKHIRUPDWLRQRIȕVKHHWVWUXFWXUH>@FRQILUPLQJWKHUHVXOWV
QRWHGLQWKH)7,5$QRWKHUWUDQVLWLRQDWaQPZDVLQGXFHGE\WKHEXQGOLQJEHWZHHQILEUHV
VLPLODUWRWKHLQWHUDFWLRQVEHWZHHQPDFURPROHFXOHV>@,QDGGLWLRQZKLOHWKHVKDSH
DQG SHDN SRVLWLRQ LQ WKH VSHFWUDZHUH UHWDLQHG LQ DOO VDPSOHVZKHQ XVHG+&O DQG YDU\LQJ
FRQFHQWUDWLRQVRI3%6ERWKWKHWUDQVLWLRQDWQPDQGQPLQFUHDVHGZLWKWKHLQFUHDVHRI
3%6FRQFHQWUDWLRQZKHQ03%6ZHUHXVHG,QFRQWUDVW WKHVHYDOXHVGHFUHDVHGDW WKH
KLJKHVW 3%6 FRQFHQWUDWLRQ 0 WKLVZDV HLWKHU GXH WR WKH RSDTXH FKDUDFWHULVWLF RI WKH
K\GURJHODW03%6RUDQLQFUHDVHLQQRQVSHFLILFDJJUHJDWLRQRISHSWLGHVDWWKHKLJKHU
LRQLF VWUHQJWK7KH LQFUHDVHRIPDJQLWXGHRI&'HOOLSWLFLW\ VKRZV WKDW VHOIDVVHPEO\RI WKH
SHSWLGHVDQGEXQGOLQJRI ILEULOV LV IDYRUHGZLWKDVPDOO LQFUHDVHRI LRQLFVWUHQJWKEXW ILEULO
IRUPDWLRQLVSRVVLEO\GLVUXSWHGLIWKHLRQLFVWUHQJWKLVUDLVHGWRRKLJK:KHQXVLQJ*G/WRIRUP
WKHK\GURJHOWKHRYHUDOOVKDSHRIWKHVSHFWUDLVGLIIHUHQWWKHWUDQVLWLRQDWQPLVFRPSDUDEOH
WRWKDWRI03%6LQGLFDWLQJDQȕVKHHWVWUXFWXUHEXWWKHSHDNDWQPLVERWKODUJHULQ
PDJQLWXGHFRPSDUHG WR WKDWRI03%6DQG WKHPD[LPXP LV VOLJKWO\ VKLIWHG WRZDUGVD
KLJKHUHQHUJ\7KLVVKLIWLQHQHUJ\PD[LPXPPD\EHGXHWRDGLIIHUHQWEXQGOLQJPHFKDQLVPDV
DUHVXOWRIWKHVORZUDWHRIFKDQJHLQS+

)OXRUHVFHQFHVSHFWURVFRS\ZDVXVHGWRLQYHVWLJDWHWKHHQYLURQPHQWRIWKHIOXRUHQ\OJURXSLQ
RUGHUWRPRQLWRUWKHHIIHFWRILRQLFVWUHQJWKRQʌVWDFNLQJLQWHUDFWLRQV7KHHPLVVLRQPD[LPXP
ZDYHOHQJWKRI)PRF)5*')LQZDWHUVROXWLRQLVDWQP$SSHQGL[,ࡳ6XSSOHPHQWDU\
)LJXUH,ZKHQDK\GURJHORI)PRF)5*')LVIRUPHGWKHHPLVVLRQSHDNLVFHQWUHGDW
QP )LJXUH & 7KH UHG VKLIW LV FRQVLVWHQW ZLWK H[FLPHU IRUPDWLRQ DQG ʌVWDFNLQJ RI




IOXRUHQ\OULQJVDVREVHUYHGLQVLPLODUV\VWHPV>@7KHLQWHQVLW\RIWKHSHDNVDW
QPGHFUHDVHGZLWKWKHLQFUHDVHRI3%6FRQFHQWUDWLRQGXHWRWKHLQFUHDVLQJO\RSDTXHK\GURJHOV
$VHFRQGHPLVVLRQSHDNFHQWUHGDWQPZDVLQGLFDWLYHRI-$JJUHJDWHV>@
7KHLQWHQVLW\RIWKHHPLVVLRQIURPWKHK\GURJHOIRUPHGXVLQJ*G/ZDVWKHZHDNHVW)LJXUH
' )XUWKHUPRUH -DJJUHJDWH HPLVVLRQ LQFUHDVHGZLWK WKH LQFUHDVH LQ3%6FRQFHQWUDWLRQ
IURP0WR03%6ZKLFKFRQYHUVHO\ZDVVXSSUHVVHGDW3%6FRQFHQWUDWLRQV0
WR0 WKLVPD\EHGXH WR WKHRSDTXHSURSHUW\ WKDWDIIHFWHG WKHHPLVVLRQ7KHVHUHVXOWV
DJDLQVXSSRUWWKH&'DQG)7,5GDWDLQZKLFKWKH³VDOWLQJRXW´HIIHFWSOD\HGDUROHLQILEULO
IRUPDWLRQ

)LJXUH6SHFWURVFRSLFGDWDIRU)PRF)5*')K\GURJHOVIRUPHGXVLQJ*G/LQ03%6
DQGXVLQJ+&ODQGGLIIHUHQWFRQFHQWUDWLRQRI3%6000DQG0$7UXQFDWHG
)7,5 VSHFWUD RI DPLGH , UHJLRQ % &' VSHFWUD & IOXRUHVFHQFH VSHFWUD DQG ' HQODUJHPHQW RI
IOXRURHVFHQFHVSHFWUDLQWKHUHJLRQRIQP-DJJUDJDWH




 ,QYHVWLJDWLRQRIQDQRDQGPLFURVFDOHPRUSKRORJ\
$V VSHFWURVFRS\ DQDO\VLV FRQILUPHG WKDW WKH ʌȕ DVVHPEO\ZDV XQFKDQJHG E\ WXQLQJ LRQLF
VWUHQJWKERWK7(0DQG$)0ZHUHXVHG WRH[SORUH WKHQDQRDQGPLFURPRUSKRORJ\RI WKH
ILEUHV)RUWKHK\GURJHOIRUPHGE\*G/7(0LPDJHVUHYHDOHGWKDWWKHVLQJOHILEUHGLDPHWHU
ZDV   QP DQG IRU WKRVH IRUPHG E\ +&O VROXWLRQ DW GLIIHUHQW 3%6 FRQFHQWUDWLRQ WKH
QDQRILEULOV¶GLDPHWHUZHUHDOO!QP)LJXUH7KHIRUPDWLRQRIWKLQQHUILEULOVIRU*G/
PD\EHGXH WR WKHPLOGFKDQJHRI WKHV\VWHP¶VS+ WKURXJKZKLFK WKHPROHFXOHVZLOOKDYH
HQRXJKWLPHWRIRUPILQHILEUHV:KHQXVLQJ+&OPHWKRGZHOORUGHUHGILEULOODUQHWZRUNVZHUH
IRUPHGDW3%6FRQFHQWUDWLRQ0)LJXUH$'$W3%6FRQFHQWUDWLRQRI0WKH
QHWZRUNVZHUHGLVRUGHUHGZLWKDPRUSKRXV UHJLRQV )LJXUH(7KHGLVRUGHURI ILEULOV LQ
FRPSDULVRQWRWKHRWKHUH[DPSOHVKHOSVWRH[SODLQWKHRSDTXHFKDUDFWHULVWLFDQGGHFUHDVHGRUGHU
QRWHGLQWKHVSHFWURVFRSLFGDWD7KHIDVWHUDVVHPEO\VSHHGVOHDGWRDKLJKO\HQWDQJOHGVWUXFWXUH
EXWDOVRIDYRXUVDGLVRUGHUHGDVVHPEO\7KHLQFUHDVHGHQWDQJOHPHQWZDVWKHOLNHO\FDXVHIRU
WKHULVHLQK\GURJHOVWLIIQHVVQRWHGLQWKHUKHRPHWU\,QWHUHVWLQJO\WKLFNHUEXQGOHVIRUPHGE\
WKHQDQRILEULOVZKHQXVLQJ*G/DVJHQHUDOO\QRWHGE\ WKLVFODVVRIJHODWRUVDW VLPLODU*G/
FRQFHQWUDWLRQ >@ DQG ZKLOVW WKH WXEXODU PRUSKRORJ\ RI WKH ILEUH ZDV PDLQWDLQHG ZKHQ
IRUPHG XVLQJ*G/ WKH EXQGOLQJ DQG IOH[LELOLW\ RI WKH ILEULOV ZDV DOWHUHG OHDGLQJ WRPRUH
µULEERQOLNH¶VWUXFWXUH

$)0LPDJHV )LJXUH UHYHDOHG WKHHQWDQJOHGQHWZRUNV WKDW VXSSRUWHG WKHK\GURJHOV$
GLIIHUHQWPRUSKRORJ\ RI WKH K\GURJHO IRUPHG XVLQJ*G/ZDV REVHUYHG )LJXUH $ WKH
QDQRILEULOVZHUHDOLJQHGLQWKLFNEXQGOHVUHLQIRUFLQJWKH7(0UHVXOW7KHEXQGOLQJPD\EH
DOVRGXHWRWKHPLOGS+FKDQJHRIWKHK\GURJHODQGH[SODLQVWKHVKLIWLQ&'VSHFWUDDWQP




DVWKHEXQGOLQJPRUSKRORJ\ZDVVLJQLILFDQWO\GLIIHUHQWIURPWKHHQWDQJOHGQHWZRUNVDVVKRZQ
LQWKHRWKHUH[DPSOHV)LJXUH%($VWKHLRQLFVWUHQJWKZDVLQFUHDVHGXVLQJ+&ODW

)LJXUH1DQRDQGPLFURVWUXFWXUHRI)PRF)5*')K\GURJHOVWRSSDQHO7(0DQGERWWRPSDQHO
$)0$IRUPHGXVLQJ*G/LQ03%6%(XVLQJ+&/DQG000DQG
0RI3%6UHVSHFWLYHO\
GLIIHUHQW 3%6 FRQFHQWUDWLRQV WR IRUP K\GURJHO WKH QXPEHU RI ILEUH HQWDQJOHPHQWV DQG
DJJUHJDWHVDOVR LQFUHDVHG7KHVHHQWDQJOHPHQWVDQGDJJUHJDWHVPD\EHGXH WR WKH LQFUHDVHG
UDQGRP FRLO FRPSRQHQW GLVUXSWLQJ WKH SUHGRPLQDQWO\ ȕVKHHW VWUXFWXUHG QDQRILEULOV ZKLFK
FRXOGDJDLQEHUHODWHGWRWKHLQFUHDVHLQHODVWLFPRGXOXV*¶DQGRSDFLW\+RZHYHULWVKRXOGEH
QRWHGWKDWWKHUHZDVDOVRDQLQFUHDVHLQDPRUSKRXVUHJLRQVWKDWFRXOGEHDFFRXQWIRUDGHFUHDVH
LQK\GURJHOFODULW\
 &RQFOXVLRQ
7RFRQFOXGH*G/FDQEHXVHG WR IRUPD FOHDUK\GURJHORI)PRF)5*')ZLWK D VORZDQG
FRQWUROOHG S+ FKDQJH 7KH QDQRILEULOV ZHUH DOLJQHG ZLWK IHZ HQWDQJOHPHQWV OHDGLQJ WR D
ZHDNHUVFDIIROG7KHUDSLGDVVHPEO\RIWKH6$3XVLQJDUDQJHRI3%6FRQFHQWUDWLRQVZLWKWKH
+&OEDVHGS+VZLWFKPHWKRGLVHIILFLHQWWRWXQHWKHPHFKDQLFDOSURSHUWLHVRIK\GURJHOVZLWKRXW
FKDQJLQJ WKHLUEDVLF VWUXFWXUH7KH ULJLGLW\RIK\GURJHOVZDV LQFUHDVHGE\ VHYHUDORUGHUVRI
PDJQLWXGHWKURXJKLQFUHDVLQJ3%6FRQFHQWUDWLRQ7KHGLIIHUHQFHVLQVWLIIQHVVZHUHGXHLQSDUW
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
WRDIDVWHUJHOIRUPDWLRQUDWHOHDGLQJWRDQHWZRUNRIKLJKO\HQWDQJOHGILEUHV7KHLQFUHDVHLQ
VWLIIQHVVDULVLQJIURPGLVRUGHUHGVFDIIROGVZDVREVHUYHGWREHDVVRFLDWHGZLWKDGHFUHDVHLQJHO
FODULW\ZKLFKLVRIFRQFHUQIRUDSSOLFDWLRQVUHTXLULQJRSWLFDOYLVXDOLVDWLRQRIWKHLQWHULRURIWKH
JHOVXFKDV'FHOOFXOWXUHRIODUJHUJHOYROXPHV6XFKFRQWURORYHUK\GURJHOSURSHUWLHVZLOO
SURYLGH DQ HIIHFWLYH PHWKRG WR PLPLF WKH GLIIHUHQW QDWXUDO (&0 VWUXFWXUHV DQG WXQLQJ RI
K\GURJHOVIRUin vitro'FHOOFXOWXUHVDQGin vivoDSSOLFDWLRQV
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&KDSWHU &R$VVHPEO\RI3+651DQG5*'IRU
(QKDQFHG&HOO$GKHVLRQ6SUHDGLQJDQG3UROLIHUDWLRQ

,QWKLVFKDSWHUFRDVVHPEO\RIWZRGLIIHUHQWSHSWLGHVHTXHQFHVZHUHGHYHORSHG7KHDLPZDV
WRHQJLQHHUDVFDIIROGWKDWFRQWDLQVPXOWLSOHSHSWLGHHSLWRSHVWKLVPD\SURYLGHPXOWLSOHFHOO
DWWDFK ORFXVZLWKLQRQHVLQJOHVFDIIROG7ZRSHSWLGHVHTXHQFHV5*'DQG3+651WKDWERWK
IURPILEURQHFWLQZHUHVHOHFWHGIRUWKHHQJLQHHULQJRI)PRF6$3VDQGFRDVVHPEOHGWRIRUPD
KRPRJHQRXVK\GURJHO$'FHOOFXOWXUHZDVWKHQXVHGWRDVVHVVWKHELRORJLFDOSURSHUWLHVRI
WKHUHVXOWDQWK\GURJHOV

&RQWULEXWLRQRIWKHFDQGLGDWH
,KHOSHGWRGHVLJQWKHSHSWLGHVXVHGLQWKLVFKDSWHU,GLG)7,5DQGUKHRORJ\H[SHULPHQWV$)0
DQG7(0DQG,WRRNSDUWLQFHOOFXOWXUHZRUN









Manuscript under Review. 
$EVWUDFW
7KH QDQRILEULOODU VWUXFWXUHV WKDW XQGHUSLQ 6$3 K\GURJHOV RIIHU JUHDW SRWHQWLDO IRU WKH
GHYHORSPHQW RI ILQHO\ WXQHG FHOOXODU PLFURHQYLURQPHQWV VXLWDEOH IRU WLVVXH HQJLQHHULQJ
+RZHYHUELRIXQFWLRQDOLVDWLRQZLWKRXWGLVUXSWLRQRIWKHDVVHPEO\UHPDLQVDNH\GHVLJQJRDO
6$3VSUHVHQW WKHSHSWLGH VHTXHQFHZLWKLQ WKHLU VWUXFWXUH \HW VWXGLHV WR GDWH KDYH W\SLFDOO\
IRFXVHG RQ LQFOXGLQJ D VLQJOH ELRORJLFDO PRWLI UHVXOWLQJ LQ FKHPLFDOO\ DQG WKHUHIRUH
ELRORJLFDOO\KRPRJHQRXVVFDIIROGVKRZHYHU WKLV OLPLWV WKHXWLOLW\RI WKHVHV\VWHPVDV WKH\
FDQQRWHIIHFWLYHO\PLPLFWKHFRPSOH[LW\RIWKHQDWXUDOPXOWLFRPSRQHQW(&0,WKDVEHHQNQRZ
WKDW 3+651 V\QHUJLVWLFDOO\ SURPRWHV WKH LQWHJULQ ĮȕPHGLDWHG FHOO DGKHVLRQ ZLWK 5*'
VHTXHQFH+HUHZH WU\ WR LPSURYHFHOO DWWDFKPHQW WKURXJK WKH DGGLWLRQRI3+651 WR5*'
OLJDQG5HVXOWVVKRZHGWKDW)PRF3+651IDLOHGWRIRUPJHOEXWFRDVVHPEO\V\VWHPRI)PRF
)5*'))PRF3+651 DQG FRORFDOLVDWLRQ RI 5*'3+651 LQ ORQJ SHSWLGH )PRF
)5*')3+651SURGXFHGVHOIVXSSRUWLQJK\GURJHOXQGHUSLQQHGE\HQWDQJOHGQDQRILEULOV7KH
PHFKDQLFDOSURSHUW\RIFRDVVHPEO\K\GURJHOZDVRYHUWZRRUGHUVRIPDJQLWXGHKLJKHUWKDQ
)PRF)5*')DORQHIn vitro'FHOOFXOWXUHRIK0)&VVKRZHGLPSURYHGDGKHVLRQVSUHDGLQJ
DQGSUROLIHUDWLRQRQWKHK\GURJHORIFRDVVHPEO\V\VWHP+RZHYHUORQJSHSWLGHJHOFRXOGQRW
SURYLGH HIIHFWLYH FHOO DWWDFKPHQW 7KH UHVXOWV GHPRQVWUDWHG WKH VHOHFWLYH V\QHUJ\ HIIHFW RI
3+651ZLWK5*'VHTXHQFHRQFHOODWWDFKPHQWDQGSUROLIHUDWLRQDQGFRPELQDWLRQRI3+651
DQG 5*'PLJKW EH DQ HIIHFWLYH ZD\ WR DXJPHQW WKH UREXVWQHVV DQG IXQFWLRQDOLW\ RI WKHLU
UHVXOWDQW ELRVFDIIROGV 7KLV ZRUN LOOXVWUDWHV WKH LPSRUWDQFH RI WLVVXH HQJLQHHULQJ VFDIIROG
IXQFWLRQDOLVDWLRQDQGWKHQHHGWRGHYHORSLQFUHDVLQJO\DGYDQFHGPXOWLFRPSRQHQWV\VWHPVIRU
HIIHFWLYH(&0PLPLFU\
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 ,QWURGXFWLRQ
%LRLQVSLUHG VFDIIROGV SUHVHQW VHOIVXSSRUW VWUXFWXUH IRU FHOO DWWDFKPHQW DQG WLVVXH JURZWK
WKURXJKWKHGHVLJQRI'DUFKLWHFWXUHZLWKSRURXVQDWXUHDQGILEULOODUVWUXFWXUH+RZHYHULW
VKRXOGEHPRUHWKDQMXVWEDUHVFDIIROGIURPWKHQHZJHQHUDWLRQRIELRPDWHULDOVSRLQWRIYLHZ
WKHUHLVDJURZLQJLQWHUHVWLQWKHHQJLQHHULQJRIELRPDWHULDOVFDIIROGVWKDWQRWRQO\VXSSRUWFHOOV
EXW DOVR DFWLYHO\ PRGXODWH FHOOXODU DFWLYLWLHV >@ ,Q RUGHU IRU HIILFLHQW ELRPHGLFDO
DSSOLFDWLRQV LW LV QHFHVVDU\ WR LQFRUSRUDWH ELRORJLFDOO\ UHOHYDQW IXQFWLRQDO JURXSV LQWR WKH
SHSWLGHVHTXHQFHWRFRQWUROFHOOEHKDYLRUV

,WKDVEHHQZHOONQRZQWKDW(&0KDVWKHDELOLW\WRSURYLGHQRWRQO\VWUXFWXUDOVXSSRUWEXWDOVR
IRU G\QDPLF FHOOXODU VLJQDOLQJ RI FHOO DGKHVLRQ GLIIHUHQWLDWLRQ PLJUDWLRQ DQG SUROLIHUDWLRQ
>@*HQHUDOO\FHOODGKHVLRQLVPHGLDWHGE\WKHVSHFLILFLQWHUDFWLRQVEHWZHHQFHOODGKHVLRQ
UHFHSWRUV DQG (&0 SURWHLQV &HOO DGKHVLYH LQWHUDFWLRQV SOD\ D PDMRU UROH GXULQJ PXOWLSOH
QRUPDO SK\VLRORJLFDO SURFHVV VXFK DV HPEU\RQLF GHYHORSPHQW DQG ZRXQG UHSDLU DQG DOVR
GXULQJWKHSURJUHVVLRQRIGLVHDVHVVXFKDVFDQFHU>@7KHPRVWUHOHYDQWYHUVDWLOHDQGEHVW
FKDUDFWHULVHG FHOO DGKHVLRQ UHFHSWRUV DUH WKH LQWHJULQV ZKLFK DUH WUDQVPHPEUDQH UHFHSWRUV
FRPSRVHGRIĮDQGȕVXEXQLWV>@7KHSURFHVVRILQWHJULQPHGLDWHGFHOODGKHVLRQLQFOXGHV
IRXUGLIIHUHQWSDUWO\RYHUODSSLQJLVVXHVFHOODWWDFKPHQWFHOOVSUHDGLQJRUJDQLVDWLRQRIDFWLQ
F\WRVNHOHWRQDQGIRUPDWLRQRIIRFDODGKHVLRQV>@,QWHJULQVDFWQRWRQO\DVFHQWUDOSOD\HUV
WRIXQFWLRQDOLVHDGKHVLRQPHFKDQLVPVEXWDOVRSOD\DUROHLQWUDQVPHPEUDQHVLJQDOLQJ>@
(&0SURWHLQVDQGWKHLUVWUXFWXUHVSOD\YLWDOUROHVLQWKHSUROLIHUDWLRQVXUYLYDOSRODULW\DQG
PLJUDWLRQ RI FHOOV >@ )LEURQHFWLQ )1 LV D UHPDUNDEOH(&0SURWHLQZLWK WKH DELOLW\ WR
PHGLDWH WKH DGKHVLRQ DQG VSUHDGLQJ RI YDULRXV FHOO W\SHV LW LV FRPSULVHG RI KRPRORJRXV
UHSHDWLQJPRGXOHVWHUPHGW\SHV,,,DQG,,,ZKLFKIRUPIXQFWLRQDOGRPDLQV>@$PRQJ
PDQ\W\SHVRIFHOODGKHVLYHDPLQRDFLGVHTXHQFHVWKHSHSWLGHVGHULYHGIURPWKHFHOOELQGLQJ
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
GRPDLQVRI)1DUHRISDUWLFXODULQWHUHVWGXHWRWKHLQYROYHPHQWLQPDQ\FHOOXODUSURFHVVHVVXFK
DVDGKHVLRQDQGVSUHDGLQJRIPDQ\FHOOW\SHV>@

:LWK WKH HPHUJHQFH RI VHYHUDO VKRUW ELRDFWLYH (&0GHULYHG PRWLIV WKDW UHSUHVHQW FHOOXODU
DFWLYLWLHV VXFKDV5*'>@3+651>@ ,.9$9>@ WKHXVHRI WKHHSLWRSHVDV WKH
PROHFXODU EXLOGLQJ EORFNLQJ IRU VHOIDVVHPEOHG SHSWLGHV RIIHU D JUHDW SODWIRUP IRU UREXVW
ELRLQVSLUHGPDWHULDOVWKDWQRWRQO\VXSSRUWFHOOVEXWDOVRIRVWHUFHOOSUROLIHUDWLRQ>@,QZKLFK
WKH WULSHSWLGH VHTXHQFH 5*' ORFDWHG LQ WKH WK W\SH ,,, UHSHDW RI )1 KDV EHHQ ZHOO
FKDUDFWHULVHGDVDQLQWHJULQELQGLQJVLWH>@5*'LVWKHFHOODWWDFKPHQWVLWHRIDODUJHQXPEHU
RIDGKHVLYH(&0EORRGDQGFHOOVXUIDFHSURWHLQVLWFDQEHUHFRJQLVHGE\DERXWKDOIRIWKH
NQRZQ LQWHJULQV LQ WKHLU DGKHVLRQ SURWHLQ OLJDQGV >@7KHVH ILQGLQJV KDYH JLYHQ5*'D
PDMRU UROH LQ FHOO DGKHVLRQ ELRORJ\ DV WKH FULWHULRQ DGKHVLRQ VLJQDO 0XFK UHVHDUFK KDV
HPSOR\HGWKH5*'HSLWRSHDVDELRIXQFWLRQDODGKHVLYHVLWH>@

+RZHYHU DOWKRXJK WKH 5*' VHTXHQFH LV FOHDUO\ LPSRUWDQW IRU FHOO DWWDFKPHQW WR )1 WKH
WKHUDSHXWLF XVH RI 5*' FRQWDLQLQJ SHSWLGHV KDV EHHQ OLPLWHG VLQFH WKH\ FDQQRW DFFXUDWHO\
PLPLFWKHDIILQLW\RIILEURQHFWLQIRUWKHĮȕLQWHJULQ>@,QWKHFDVHRIPLPLFNLQJQDWLYH
FHOOXODU PLOLHX IRU WKH DGYDQFHPHQW RI ELRPLPHWLF QDQRILEURXV VFDIIROG PXOWLFRPSRQHQW
SHSWLGHV\VWHPKDVEHFRPHLQFUHDVLQJO\SRSXODU ,W LVDVVXPHG WKDWFRPELQLQJ WZRRUPRUH
ELRORJLFDOVLJQDOVSURYLGHWKHVFDIIROGZLWKDV\QHUJLVWLFHIIHFWRQFHOOUHVSRQVHV>@,WKDV
EHHQSURSRVHGWKDWWKH3+651VHTXHQFHORFDWHGLQWKHWKW\SH,,,)1LVQHFHVVDU\IRUDIXOO\
HIILFLHQWFHOODWWDFKPHQWDVDVHFRQGELQGLQJVLWHIRU)1>@3UHYLRXVUHVHDUFKKDVVKRZQ
WKDWWKH3+651VHTXHQFHZLWKLQILEURQHFWLQKDVDQV\QHUJ\HIIHFWZLWK5*'RQDFWLYDWLQJWKH
ĮȕUHFHSWRU>@5HFHQWO\WKHLQWHUHVWLQ3+651SHSWLGHVHTXHQFHKDVJURZQGXHWR
LWVZHOOGHPRQVWUDWHGSURSHUWLHVRISURPRWLQJFHOODGKHVLRQPLJUDWLRQDQGVSUHDGLQJ >
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
@ 0RUH UHFHQWO\ WKH LQWHUHVW LV IRFXVHG RQ ERQH HQJLQHHULQJ DQG HQKDQFHG RVWHREODVW
DGKHVLRQDQGGLIIHUHQWLDWLRQZKHQXVLQJWKHWZRV\QHUJ\VLWHVRI3+651DQG5*'>@
$OWKRXJKWKHVHH[DPSOHVIRFXVRQRVWHREODVWLFGLIIHUHQWLDWLRQĮȕLVDOVRKHDYLO\LPSOLFDWHG
LQRWKHUSURFHVVHVVXFKDVDQJLRJHQHVLV>@

)RUWKHVHUHDVRQV)PRF)5*')DQG)PRF3+651ZHUHLQLWLDOO\VHOHFWHGIRUWKLVVWXG\RQ
DFFRXQWRIWKHLUV\QHUJLVWLFDELOLW\RQLQWHJULQUHFHSWRUIRUFHOODGKHVLRQSURFHVV,QSUHYLRXV
VWXGLHVZLWKUHJDUGWRK\GURJHOIXQFWLRQDOLVHGZLWK5*'DQG3+651LWZDVEHOLHYHGWKDWWKH
DFWXDOGLVWDQFHDSSUR[LPDWHO\cEHWZHHQWZRELQGLQJGRPDLQV5*'DQG3+651LV
LQWHJUDO WR FORVHO\ PLPLF QDWLYH FRQIRUPDWLRQ RI ILEURQHFWLQ ZLWK WKH FRORFDOLVHG 5*'
3+651 SHSWLGH GHVLJQ LQFOXGLQJ PHU RI JO\FLQH VSDFHU 5*'*3+651 >@ LQ
SRO\HWK\OHQH JO\FRO K\GURJHO RU VHULQHJO\FLQH VSDFHU ***663+6516*5*'63 LQ
SHSWLGHDPSKLSKLOH >@ 7KHUHIRUH LQ WKLV VWXG\ H[FHSW IRU WKH FRDVVHPEO\ K\GURJHO RI
)PRF)5*'))PRF3+651ZZ)PRF)5*')3+651ZDVDOVRFKRVHQDVRQHRIWKH
SHSWLGHFDQGLGDWHVLQWKHLQWHUHVWRIVLPSOHDQGVKRUW)PRFSHSWLGHGHVLJQ7KHVHOIDVVHPEO\
PHFKDQLVPPHFKDQLFDOSURSHUWLHVPLFURDQGQDQRVWUXFWXUHVRIWKHSHSWLGHVFDIIROGVDQGWKH
V\QHUJ\HIIHFWRIWKHVFDIIROGVRQWKHDGKHVLRQVSUHDGLQJDQGSUROLIHUDWLRQRIK0)&VZHUHDOVR
UHVHDUFKHG
 5HVXOWVDQG'LVFXVVLRQ
 5DWLRQDOGHVLJQRI)PRF6$3V\VWHPV
7KUHH PLQLPDOLVW )PRFGHULYHG SHSWLGHV )PRF)5*') )PRF3+651 DQG ORQJ SHSWLGH
)PRF)5*')3+651)LJXUH$&ZHUHV\QWKHVLVHGXVLQJDWUDGLWLRQDO6336PHWKRG$OO
RI WKH WKUHH SHSWLGHV IRUPHG ZKLWH FU\VWDO SRZGHUV WKHQ D FRDVVHPEO\ V\VWHP RI )PRF
)5*'))PRF3+651ZZZDVDOVRGHYHORSHG7KHVHIRXUJURXSVRISHSWLGHVZHUHWKHQ

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
XVHG WR IRUP K\GURJHOV XVLQJ D ZHOOHVWDEOLVKHG S+ VZLWFKPHWKRG >@ 7KH )PRF JURXSV
LQWHUDFW WKURXJK ʌʌ VWDFNLQJ IRUPLQJ WKH EDFNERQH RI WKH )PRF6$3 VWUXFWXUH DQG WKH
SHQGDQWSHSWLGHVDOLJQWKURXJKK\GURJHQERQGLQJWRIRUPDQHWZRUNRIEVKHHWV)LJXUH'
,Q WKHFRDVVHPEO\V\VWHPRI)PRF)5*'))PRF3+651ʌȕFRDVVHPEO\SURFHVVZKHUH
SHSWLGHVDUHPL[HGSULRUWRJHODWLRQDQGFRDVVHPEOHGviaDS+VZLWFKPHWKRG)LJXUH(
2XUSUHYLRXVUHVHDUFKKDVVKRZQWKDWWKHSHQWDSHSWLGH)PRF)5*')KDVWKHDELOLW\WRIRUP
FOHDUK\GURJHO>@+RZHYHUFXUUHQWUHVHDUFKVKRZHGWKDW)PRF3+651DORQHFRXOG
QRWIRUPK\GURJHODWDOOWHVWHGFRQGLWLRQV)LJXUH)7KLVSKHQRPHQRQPD\EHGXHWRWKH
SUHVHQFHRISUROLQHEHFDXVHSUROLQHFRXOGQRWGRQDWHK\GURJHQERQGWRIRUPVWDELOLVHGĮKHOL[
RUȕVKHHWVGXHWRLWVF\FOLFVWUXFWXUHDQGWKXVODFNVWKHQRUPDOEDFNERQH1+>@,W
WRRN  GD\V DQG  GD\V WR IRUP VWDEOH K\GURJHOV IRU )PRF)5*')3+651 DQG WKH FR
DVVHPEO\RI)PRF)5*'))PRF3+651UHVSHFWLYHO\7KHGHOD\RIK\GURJHOIRUPDWLRQPD\
DOVRLQGLFDWHWKHLQIOXHQFHRISUROLQHRQWKHK\GURJHOIRUPDWLRQRIWKHORQJHUSHSWLGHVHTXHQFH
DQGWKHFRDVVHPEO\V\VWHP

)LJXUH0ROHFXODUVWUXFWXUHRI)PRF6$3VDQGLOOXVWUDWLRQRIVHOIDVVHPEO\DQGFRDVVHPEO\
SURFHVV$)PRF)5*')%)PRF3+651&)PRF)5*')3+651DQG'6HOIDVVHPEO\RID
PLQLPDOLVW)PRF6$3,QGLYLGXDO6$3VFRQVLVWRIDQ)PRFJURXSJUH\DWWDFKHGWRWKHHQGRIDVKRUW
DPLQRDFLGFKDLQUHG8QGHUDSSURSULDWHFRQGLWLRQVWKH)PRFJURXSVVWDFNWRJHWKHUZKLOHWKHSHSWLGHV
DOLJQWRIRUPD6$3QDQRILEUHVWKHVHQDQRILEUHVWKHQEXQGOHWRJHWKHUWRIRUPDK\GURJHOVFDIIROG(
ʌȕ&RDVVHPEO\SURFHVVZKHUHSHSWLGHVDUHPL[HGSULRUWRJHODWLRQDQGFRDVVHPEOHGviaDS+VZLWFK
PHWKRG)+\GURJHOVIRUPHGRIL)PRF)5*')LL)PRF3+651LLL)PRF)5*')3+651DQG
LY&RDVVHPEO\RI)PRF)5*'))PRF3+651ZZ




 &KDUDFWHULVDWLRQ RI VHOIDVVHPEO\ PHFKDQLVP DQG PHFKDQLFDO
SURSHUWLHV
7R ILQG RXW SHUFHSWLRQV RI WKH VXSUDPROHFXODU OHYHO WKH JHOV ZHUH FKDUDFWHULVHG E\
VSHFWURVFRSLFPHWKRGV)7,5ZDVXVHGWRFKHFNWKHRUJDQLVDWLRQRISHSWLGHEDFNERQH$PLGH
,UHJLRQLVWKHPRVWLQWHQVHDEVRUSWLRQEDQGRIWKHSRO\SHSWLGHVDQGLWZDVIRXQGEHWZHHQ
FPWRFPEXWLWVH[DFWIUHTXHQF\LVGHWHUPLQHGE\WKHJHRPHWU\RIWKHSHSWLGHFKDLQ
DQGK\GURJHQERQGLQJ>@$VVKRZQLQ)LJXUH$)PRF)5*')ORQJSHSWLGHDQGFR
DVVHPEO\ V\VWHP VKRZHG WZR GLVWLQFW DEVRUSWLRQ SHDNV LQ DPLGH , UHJLRQ DW  FP
UHVSHFWLYHO\LQGLFDWLQJDȕVKHHWVWUXFWXUH>@)RUFRDVVHPEO\V\VWHPDQRWKHUSHDNFHQWUHG
DWFPZDVREVHUYHGLQGLFDWLQJH[FHSWWKHFRUHRIWKHȕVKHHWVWUXFWXUHRWKHUVHFRQGDU\
VWUXFWXUHSUHGRPLQDQWO\FRPSRVHGRIUDQGRPFRLOVWUXFWXUHWKHZDYHOHQJWKKDGEOXHVKLIWLV
DOVRSUHVHQWLQWKHILEULOV>@7KHSHDNDWFPLVDEVHQWLQWKHVSHFWUDRI)PRF)5*')
SHSWLGHDORQHLWLVGHGXFHGWKDWFRQIRUPDWLRQDOFRQVWUDLQWVLQ)PRF3+651SHSWLGHKDYHDQ
LPSDFW RQ D ȕVKHHW EDVHG VXSUDPROHFXODU VWUXFWXUH IRUPHG LQ )PRF)5*')+RZHYHU LQ
)PRF3+651WKHUHZDVQRȕVKHHWVWUXFWXUHDURXQGFP,QVWHDGDQDEVRUSWLRQSHDN
ZLWK PD[LPXP DW  FP ZDV GHWHFWHG ZKLFK UHSUHVHQWV UDQGRP FRLO VWUXFWXUH WKH
ZDYHOHQJWKDOVRKDGEOXHVKLIWLQWKLVFDVH>@

&'ZDVXVHGIRUWKHGHWHFWLRQRIVHFRQGDU\VWUXFWXUHRIDPLQRDFLGVLQFRQMXQFWLRQZLWK)7,5
&'VSHFWUD)LJXUH%RI)PRF)5*')GLVSOD\HGDQHJDWLYHSHDNDWQPZKLFKVKRZV
WKH&RWWRQ HIIHFW LQGXFHG E\ Qʌ WUDQVLWLRQ DQG D SRVLWLYH SHDN DW  QP LQGLFDWHV ʌʌ
WUDQVLWLRQ>@7KHWZRGLVWLQFWSHDNVGHPRQVWUDWHWKHIRUPDWLRQRIDQWLSDUDOOHOȕVKHHWSDWWHUQ
>@UHLQIRUFLQJWKHUHVXOWVQRWHGLQWKH),,5VSHFWUD$QRWKHUSRVLWLYHSHDNDSSHDUHGDW
QPDUHOLNHO\IURPWKHLQGXFHGFKLUDOLW\RIDURPDWLFVWDFNLQJPRLHWLHVSDUWLFXODUO\)PRFJURXS
SODFHGLQWKHHQYLURQPHQWRIDVXSUDPROHFXODUDVVHPEO\>@&'VSHFWUDRIWKHQRQJHODWRU




)PRF3+651KDVDVWURQJQHJDWLYHEDQGDWQPDQGDZHDNHUSRVLWLYHEDQGDWQPWKLV
ZDV OLNHO\ WR DGRSW D QRQK\GURJHQ ERQGHG SRO\SUROLQH W\SH ,, 33,, KHOLFDO VWUXFWXUH DQG
SUHVHQWDVUDQGRPVLQJOHXQLWVLQGLOXWHFRQGLWLRQPJP/>@ZKLFKLVFRLQFLGHQFH
ZLWK)7,5GDWD:LWK33,,FRQILUPDWLRQDQGUDQGRPFRLOVWKHSHSWLGHUHPDLQVYHU\IOH[LEOH
DVFDQEH VHHQDVD IOXLG VWDWH7KH&'VSHFWUDRIERWK)PRF)5*')3+651IROORZHG WKH
FKDUDFWHULVWLFRIDQDQWLSDUDOOHOȕVKHHWVWUXFWXUHZLWKDSRVLWLYHSHDNFHQWUHGDWQPDQGD
QHJDWLYHSHDNDWQPWKHOLWWOHELWEOXHVKLIWFRPSDUHGZLWK)PRF)5*')DORQHDWWULEXWHV
WRWKHORQJVHTXHQFH)RUWKH)PRF)5*'))PRF3+651FRDVVHPEO\V\VWHPWKHSRVLWLYH
SHDNDWQPZDVLQYLVLEOHDQGRQO\DQHJDWLYHSHDNFHQWUHGDWQPZDVREVHUYHGZKLFK
VKRZVDQLQGLVWLQFWȕVKHHWVWUXFWXUHWKLVPD\EHGXHWRWKHSUHVHQFHRIUDQGRPFRLOVWUXFWXUH
DV LQGLFDWHG LQ)7,5 VSHFWUD7KHSHDNDWaQP LQ FRDVVHPEO\ V\VWHPDOVR VKRZV WKH
VWDFNLQJRI)PRFJURXSV >@7KHSUHVHQFHRIȕVKHHW VWUXFWXUH VKRZV WKDWGHVSLWHRI WKH
LQDELOLW\RISUROLQHFRQWDLQLQJVHTXHQFHWRIRUPȕVKHHWV>@WKHUHVWRIWKHSHSWLGHPRLHWLHV
VWLOOKDYHWKHWHQGHQF\WRPDLQWDLQWKHȕVKHHWVWUXFWXUH

)LJXUH  6SHFWURVFRSLF DQG UKHRPHWHU VSHFWUD IRU WKH IRXU SHSWLGH K\GURJHO JURXSV $
7UXQFDWHG)7,5DEVRUSWLRQVSHFWUD LQDPLGH, UHJLRQ %&'VSHFWUD & IOXRUHVFHQFHVSHFWUD '
UKHRPHWU\VSHFWUD




)OXRUHVFHQFHVSHFWURVFRS\KDVEHHQXVHGE\PDQ\UHVHDUFKHUVWRPRQLWRUWKHHQYLURQPHQWRI
WKH IOXRUHQ\O JURXS > @ ([FLWDWLRQ SHDNV DW a QP DUH DWWULEXWHG WR )PRFSHSWLGH
PRQRPHUV>@)LJXUH&VKRZVWKDWWKHSHDNDWaQPLQWHQVLRQRI)PRF3+651
ZDVWKHVWURQJHVWLQGLFDWLQJWKDWWKHUHDUHPRUHPRQRPHUVH[LVWLQLWVIOXLGVROXWLRQ+RZHYHU
LQWKHJHOVWDWH)PRF)5*')DQGFRDVVHPEO\K\GURJHOWKHLQWHQVLW\RIWKHSHDNGHFUHDVHG
SUREDEO\GXHWRWKHIRUPDWLRQRIK\GURJHO)RUORQJSHSWLGH)PRF)5*')3+651WKHSHDNDW
a QP ZDV PXFK ZHDNHU FRPSDUHG WR WKH RWKHU WKUHH JURXSV VKRZLQJ WKDW WKH ORQJHU
VHTXHQFHKDVOHVVSHSWLGHPRQRPHUV$OOSHSWLGHJURXSVKDGEURDGSHDNVFHQWUHGDWDURXQG
QPZKLFKLQGLFDWHVH[FLPHUIRUPDWLRQRZLQJWRH[WHQVLYHDURPDWLFVWDFNLQJLQWHUDFWLRQV-
DJJUHJDWHV FRQWULEXWHG E\ SKHQ\O ULQJV RI SKHQ\ODODQLQH DVZHOO DV IOXRUHQ\O ULQJV >@
6SHFLILFDOO\PXOWLSOH IOXRUHQ\O ULQJVVWDFNHGHIILFLHQWO\ LQ WKHK\GURJHOviaʌʌ LQWHUDFWLRQV
XSRQ ILEULOODWLRQ7KH H[FLPHUSHDNZDVPRUHSURQRXQFHG LQ FRDVVHPEO\ V\VWHPDQG ORQJ
SHSWLGHWKDQWKDWRI)PRF)5*')VXJJHVWLQJWKDWWKH)PRFVWDFNLQJLVJUHDWO\H[WHQGHGLQ
WKHVHSHSWLGHVDOWKRXJKWKHSUHVHQFHRIVRPHUDQGRPFRLOVLQWKH&'DQG)7,5VSHFWUDRIWKH
FRDVVHPEO\DQGORQJSHSWLGHK\GURJHOWKHʌVWDFNLQJLQWHUDFWLRQVEHWZHHQ)PRFXQLWVDUHVWLOO
PDLQWDLQHG+RZHYHUWKHSHDNDWWKLVZDYHOHQJWKRI)PRF3+651LVDOPRVWLQYLVLEOHZKLFK
VKRZVWKDWWKHUHLVQRDSSDUHQW-DJJUHJDWHIRUPDWLRQLQ)PRF3+651GXHWRWKHVWHULFHIIHFW
RISUROLQHUHVLGXH>@DQGWKHLURULHQWDWLRQZLWKLQWKHVHOIDVVHPEOHGVWUXFWXUHZKLFKPLJKW
QRWDOORZSURSHUDUUDQJHPHQWRIIOXRUHQ\OJURXSVIRUHIIHFWLYHʌʌVWDFNLQJLQWHUDFWLRQV,WLV
OLNHO\WKDWWKHDURPDWLF)PRFJURXSVZHUHQRWDOLJQHGLQFORVHSUR[LPLW\IRUWKHVHLQWHUDFWLRQV
WRRFFXULQQRQJHODWRUSHSWLGH)PRF3+651'XHWRWKHLQWHQVLW\RIWKHSHDNDWQPRIWKH
FRDVVHPEO\V\VWHPLVVWURQJHUWKDQWKDWRI)PRF3+651DORQHLWFDQEHDVVXPHGWKDWZHDN
K\GURJHQERQGLQJLVFRPSHQVDWHGE\VWDELOLVDWLRQRIWKH)PRFHQYLURQPHQWLQWKHSURFHVVRI
JHODWLRQ





2QFHWKHVHOIDVVHPEO\PHFKDQLVPZDVFOHDUWKHPHFKDQLFDOSURSHUWLHVRIWKHVHJHOVDQGVRO
ZHUHWKHQUHVHDUFKHG7KHGLIIHUHQFHRIWKHK\GURJHOV¶ULJLGLW\FDQEHHDVLO\VHHQZKHQDYRUWH[
VKDNLQJZDV DSSOLHG SDUDOOHOSODWH UKHRPHWU\ DQDO\VLVZDV WKHQ XVHG WR LOOXVWUDWH WKH H[DFW
QXPEHUVRIPRGXOL)URP)LJXUH'LWFDQEHVHHQWKDWWKHUHLVDFOHDUGRPLQDQFHRIHODVWLF
PRGXOL *¶ RYHU WKHLU FRUUHVSRQGLQJ YLVFRXV PRGXOL *´ RI )PRF)5*') )PRF
)5*')3+651DQGWKHFRDVVHPEO\V\VWHPVXJJHVWLQJWKDWDOOWKUHHVDPSOHVDUHYLVFRHODVWLF
LQQDWXUHDQGEHKDYHDVW\SLFDOK\GURJHOV)RU)PRF3+651ZKLFKVKRZQDVDOLTXLGVWDWHDV
FDQEHVHHQLQ)LJXUH'WKHYDOXHRI*¶LVTXLWHORZa3DDWUDGVDOWKRXJK*¶LV
RYHU*´WKLVVKRZVWKHPLFHOOHSURSHUWLHVRI)PRF3+651+RZHYHUZKHQFRQQHFWLQJWKH
VHTXHQFH3+651ZLWK)PRF)5*')WKHORQJSHSWLGHVKRZVDVPDOOLQFUHDVHRI*¶YDOXHa
3DUDGVFRPSDUHGZLWK)PRF)5*')*¶a3DUDGV6XUSULVLQJO\ZKHQFR
DVVHPEO\ZLWKWKHQRQJHODWRUSHSWLGH)PRF3+651WKHFRDVVHPEO\K\GURJHOLVTXLWHUREXVW
ZLWKD*¶YDOXHa3DUDGVH[FHHGLQJWKDWRI)PRF)5*')DORQHE\RYHUWZRRUGHUV
RIPDJQLWXGHFOHDUO\GHPRQVWUDWHVDPXFKVWURQJHUJHOWKDQWKHLQGLYLGXDO)PRF)5*')
 &KDUDFWHULVDWLRQRIQDQRVWUXFWXUH
%RWK7(0DQG$)0ZHUHXVHGWRDVVHVVWKHQDQRDQGPLFURWRSRJUDSK\RIWKHILEUHV2YHUDOO
DSDUW IURP QRQJHODWRU SHSWLGH )PRF3+651 DOO JHOIRUPLQJ SHSWLGHV ZHUH REVHUYHG WR
SUHVHQW  QP QDQRILEULOV LQ GLDPHWHU FDOFXODWHG E\ ,PDJH- DQG IXUWKHU IRUPHG ILEULOODU
QHWZRUNV )LJXUH $' 6SHFLILFDOO\ LQ 7(0 LPDJHV )PRF)5*') K\GURJHO VKRZV D
KLJKO\RUGHUHGQDQRILEURXVQHWZRUNWKURXJKODWHUDODVVRFLDWLRQRIWKHVHYHUDOILEUHVDQGIRUP
EXQGOHVDVVKRZQLQ)LJXUH$+RZHYHUQRILEULOODUVWUXFWXUHVZHUHVHHQLQQRQJHODWRU
SHSWLGH)PRF3+651ZKLOHJUDQXODUSDUWLFOHVDQGFOXVWHUVZHUHREVHUYHGZKLFKFRXOGEH
SHSWLGH PROHFXOHV DULVLQJ IURP WKH FROODSVH RI K\GURSKRELF )PRFJURXSV LQ WKH DTXHRXV
HQYLURQPHQW)LJXUH%6LQFHWKHUHLVQR'ILEURXVQHWZRUNWRWUDSZDWHULWLVXQVXUSULVLQJ




WKDWK\GURJHOV FRXOGQRW IRUPHGE\ WKLVSHSWLGHDW DQ\S+FRQGLWLRQV/RQJSHSWLGH)PRF
)5*')3+651IRUPHGVKRUWILEULOVDQGWKHUHZDVQREXQGOHRUJDQLVDWLRQRIULEERQVWKDWFDQ
EH VHHQ LQ RWKHU JHODWRUV VXFK DV )PRF)5*') DQG FRDVVHPEO\ RI )PRF)5*'))PRF
3+651 K\GURJHO )LJXUH & 7KHVH WUXQFDWHG QDQRILEHUV FDQ H[SODLQ ZK\ LW WRRN D
FRQVLGHUDEOHDPRXQWRIWLPHWRIRUPJHODVVXFKILEULOVWUXFWXUHVZHUHQRWHIILFLHQWHQRXJKWR
LPPRELOLVHZDWHUWRIRUPDJHO6RPHJOREXODUVWUXFWXUHVZHUHDOVRIRXQGWRFRH[LVWZLWKWKH
GLVSHUVHGILEUHV)LJXUH&WKHVHVWUXFWXUHVDUHSUREDEO\WKHXQDVVHPEOHGSHSWLGHSDUWLFOHV
+\GURJHORIWKHFRDVVHPEO\V\VWHPVKRZHGZHOORUGHUHGILEURXVQHWZRUNDQGULEERQVZHUH
REVHUYHGIRUPHGE\VLQJOHILEULOV)LJXUH'

)LJXUH1DQRDQGPLFURVWUXFWXUHRIK\GURJHOV$'7(0LPDJHV(+$)0LPDJHV$(
)PRF)5*')%))PRF3+651&*)PRF)5*')3+651DQG'+&RDVVHPEO\RI)PRF
)5*'))PRF3+651ZZK\GURJHO
7KH$)0LPDJHVUHYHDOHGWKDWZHOORUGHUHGQHWZRUNVIRUPHGLQ)PRF)5*'))LJXUH(
DVIRXQGLQ7(0LPDJH$VVDPHDVREVHUYHGLQ7(0LPDJHVWKHUHZDVQRILEUHVIRUPHGLQ
)PRF3+651EXWDJJUHJDWHVZHUHREVHUYHG LQVWHDG )LJXUH) WKH\DUH OLNHO\ WRDULVH
IURPWKH33,,VWUXFWXUHVDQGUDQGRPFRLOV)RUWKHORQJSHSWLGH)PRF)5*')3+651GHQVH
ILEUHVIRUPHGDQGWKH\ZHUHVKRUWHUDQGZHDNHULQIHDWXUHFRPSDUHGWRORQJH[WHQGHGILEUHV
VKRZQLQ)PRF)5*')7KHSHSWLGHSDUWLFOHVDUHXQGHWHFWDEOH LQPLFURVFDOH$)0LPDJH




ZKLOHVRPHFOXVWHUVZHUHREVHUYHG)LJXUH*7KHFOXVWHUVPD\DULVHIURPSHSWLGHSDUWLFOHV
ZLWKWKHLQVLJQLILFDQWK\GURJHQERQGLQJDQGWKHSUROLQHUHVLGXHVHHPHGWRSHUWXUEWKHVWDQGDUG
ȕVKHHWFRQIRUPDWLRQDQGVXEVHTXHQWO\ILEUHIRUPDWLRQLQDFFRUGDQFHZLWKWKHEOXHVKLIWVKRZQ
LQ&'VSHFWUD7KHFOXVWHUVDOVRFRQWULEXWHGWRWKHWXUELGLW\DQGLQKRPRJHQHLW\RIWKHK\GURJHO
+\GURJHOIRUPHGE\WKHFRDVVHPEO\RI)PRF)5*'))PRF3+651VKRZHGKLJKO\EUDQFKHG
LQWHUSHQHWUDWLQJ QDQRILEURXV QHWZRUN FRPSDUHG ZLWK )PRF)5*') JHO DORQH DQG FOXVWHUV
ZHUHDOVRIRXQGLQLWV$)0LPDJH)LJXUH*7KHFOXVWHUVFDQRQO\EHGXHWRWKHDGGLWLRQ
RI )PRF3+651 DV LW LV LQYLVLEOH LQ )PRF)5*') K\GURJHO DORQH DQG )PRF3+651
LQFUHDVHGWKHGLVRUGHUVWUXFWXUHUHODWHGWRWKHPL[HGV\VWHPDVVKRZQLQWKH&'DQG)7,5GDWD
7KHSUHVHQFHRIFOXVWHUVPD\DOVRJLYHULVHWRLWVULJLGLW\DVVKRZQLQWKHUKHRPHWU\GDWD
 ,GHQWLILFDWLRQRIDFFXUDWHQDQRILEUHGLDPHWHUV
6PDOODQJOH;UD\VFDWWHULQJ6$;6ZDVXVHGWRGHWHUPLQHDSK\VLFDOPRGHORIWKHQDQRILEUHV
IRUPHGE\HDFKRIWKHGLIIHUHQW6$3V\VWHPVDQGLGHQWLI\GLIIHUHQFHVEHWZHHQWKHQDQRILEUHV
IRUPHGIRUHDFKV\VWHP6$;6FXUYHVVXSSRUWHG WKHF\OLQGULFDOQDWXUHRI WKHQDQRILEULOVDV
VFDWWHULQJ FXUYHV IRU )PRF)5*') )PRF)5*')3+651 DQG FRDVVHPEO\ RI )PRF
)5*'))PRF3+651SURYLGHG Dq GHSHQGHQFH DW ORZq LQGLFDWLQJ HORQJDWHG F\OLQGULFDO
VWUXFWXUHV )LJXUH $ $V GHWHUPLQLQJ ILEULO OHQJWK ZDV RXWVLGH WKH qUDQJH RI 6$;6
DQDO\VLVRXUIRFXVZDVDWWXQHGWRGHWHUPLQLQJWKHDYHUDJHUDGLXV7RDFKLHYHWKLVPHDVXUHPHQW
WKHLQGLUHFW)RXULHUWUDQVIRUP,)7PHWKRGZDVXVHG$VWKHQDQRVWUXFWXUHZDVGHWHUPLQHGWR
EHILEULOODULQQDWXUHIURPPLFURVFRSHWKHPD[LPXP3UYDOXHJLYHQIURPWKH,)7FDOFXODWLRQV
ZDVDWWULEXWHGWRWKHDYHUDJHUDGLXVRIWKHILEULOV7KHVHFDOFXODWLRQVLQGLFDWHGDYHUDJHILEULO
GLDPHWHUVRIQPU cı cIRU)PRF)5*')DQGQPU cı c
IRU)PRF)5*'))PRF3+651)LJXUH%7KHGLDPHWHUVREWDLQHGE\,)7FRUUHODWHZHOO
WRWKHPHDVXUHPHQWVWDNHQE\7(0DQGFRUUHODWHZHOOWROLWHUDWXUHYDOXHVIRU)PRF)5*')




ILEULOGLDPHWHU$VVSKHULFDOSUHFLSLWDWHVZHUHYLVXDOLVHGE\7(0LQWKH)PRF)5*')3+651
VDPSOHWKHWUXHILEULOGLDPHWHUPD\EHFRQYROXWHLQ,)7DQDO\VLV+RZHYHU,)7SURYLGHGD
PD[LPXP3UDWU cı cLQGLFDWLQJDGLDPHWHURIQPZKLFKLVFRQVLVWHQW
ZLWK7(0DQDO\VLVRIWKHILEULOV

)LJXUH  6$;6 VFDWWHULQJ FXUYH $ 6$;6 VFDWWHULQJ FXUYH RI )PRF)5*') )PRF
)5*')3+651DQGFRDVVHPEO\RI)PRF)5*'))PRF3+651GLVSOD\LQJqUHODWLRQVKLSDWORZT
DQJOHV % 3U LQYHUVLRQ SORW RI )PRF)5*') )PRF)5*')3+651 DQG FRDVVHPEO\ RI )PRF
)5*'))PRF3+651V\VWHP
 %LRFRPSDWLELOLW\ LQYHVWLJDWLRQRI)PRF6$3V\VWHPVWKURXJK'FHOO
FXOWXUH
2QFHLWLVFOHDUDERXWWKHPHFKDQLFDODQGFKHPLFDOFKDUDFWHULVWLFVRIDOOWKHSHSWLGHK\GURJHO
'FHOOFXOWXUHZHUHXVHGWRFKHFNWKHELRORJLFDOSURSHUWLHV'XHWRWKHIDFWWKDW)PRF3+651
FRXOGQRWIRUPJHOVRRQO\WKHRWKHUWKUHHJURXSVRISHSWLGHK\GURJHOZHUHXVHGIRUin vitro'
FHOO FXOWXUH K0)&V ZHUH JURZQ RQ WKH K\GURJHOV FRQWDLQLQJ )PRF)5*') 5 )PRF
)5*')35+65153DQG)PRF)5*'))PRF3+65153FRQVHFXWLYHO\IRUGD\V&HOO
DWWDFKPHQWDQGVSUHDGLQJRIK0)&VRQK\GURJHOVFRQWDLQLQJ553DQG53K\GURJHOVZHUH
REVHUYHGXVLQJDFWLQVWDLQLQJDWK&HOOVFXOWXUHGRQWKHK\GURJHOVFRQWDLQLQJ)PRF)5*')
JHOVKRZHGFHOOVSUHDGLQJZLWKQRUPDOILEUREODVWVWUXFWXUH&HOOVJURZQRQORQJSHSWLGH)PRF
)5*')3+651 JHO KDV VKRZQ URXQG VKDSHPRUSKRORJ\ RI FHOOV ZLWK OHVV DWWDFKPHQW DQG
VSUHDGLQJ RQ WKH K\GURJHOV 7KH FHOOV VKRZHGPRUH VLJQLILFDQW VSUHDGLQJ RQ WKH K\GURJHOV




FRQWDLQLQJSHSWLGHFRPELQDWLRQRI)PRF)5*')DQG)PRF3+651)XUWKHU,PDJH-DQDO\VLV
UHYHDOHGVLJQLILFDQWLQFUHDVHLQWKHDUHDDQGLQWHQVLW\VWDLQLQJRIWKHFHOOVJURZLQJRQK\GURJHOV
ZLWKFRPELQDWLRQRI)PRF)5*'))PRF3+651LQFRPSDULVRQWR)PRF)5*')DQG)PRF
)5*')3+651DORQH)LJXUH5HVHDUFKKDVVKRZQWKDW3+651DQG5*'DUHVHSDUDWHG
E\cDQGWKLVGLVWDQFHLVLPSRUWDQWIRU3+651WRSOD\DV\QHUJLVWLFUROHLQFHOODGKHVLRQ
DQGVSUHDGLQJ>@6RWKHZD\RI3+651DQG5*'VHTXHQFHDWWDFKZLWKHDFKRWKHUPD\
DIIHFWFHOODGKHVLRQDQGVSUHDGLQJLQWKLVH[SHULPHQW

)LJXUH $FWLQ VWDLQLQJ RI K0)&V JURZLQJ RQ K\GURJHOV K0)&VZHUH FXOWXUHG RQ K\GURJHOV
FRQWDLQLQJ SHSWLGHV IRU  K &HOOV ZHUH VWDLQHG ZLWK DFWLQ DQG WKH LPDJHV ZHUH REWDLQHG XVLQJ
IOXRUHVFHQWPLFURVFRSH,PDJH-DQDO\VLVZDVSHUIRUPHGDQGWKHYDOXHVZHUHSORWWHGLQDJUDSKXVLQJ
*UDSK3DG3ULVPDQGWKHpYDOXHZDVFRQVLGHUHGVWDWLVWLFDOO\VLJQLILFDQW
&HOOSUROLIHUDWLRQZDVGHWHUPLQHGXVLQJFRORULPHWULFEDVHG076DVVD\PHWKRG&HOOVJURZQRQ
5JHOWHVWHGRQ'D\ZHUHFRQVLGHUHGDVFRQWURO7KHDVVD\VKRZHGVLJQLILFDQWUHGXFWLRQLQ
WKHYLDELOLW\RIWKHFHOOVJURZQRQ53K\GURJHOV7KHUHZDVVLJQLILFDQWLQFUHDVHLQWKHJURZWK
RIWKHFHOOVRQ53K\GURJHOVZKHQFRPSDUHGWRWKHFRQWUROLQGD\V7KHUHVXOWVKRZHGWKDW
WKHFRDVVHPEO\RI)PRF)5*'))PRF3+651KDVKLJKHUFHOOYLDELOLW\FRPSDUHGZLWKWKH
ORQJ SHSWLGH )PRF)5*')3+651 )LJXUH  2Q 53 JHO ERWK HSLWRSHV PD\ QRW EH




DYDLODEOHEHFDXVHRI WKHSDFNLQJRI WKHSHSWLGHFKDLQZKLFKPD\ OHDG WR ORZFHOOYLDELOLW\
KRZHYHUWKHKLJKFHOOYLDELOLW\RQ53JHOPD\EHGXHWRWKHV\QHUJ\HIIHFWRI3+651DQG
5*'GRPDLQVRQDFWLYDWLQJĮȕ>@ZKLFKLVDQLPSRUWDQWLQWHJULQWRPLPLFWKHDIILQLW\RI
ILEURQHFWLQ>@

)LJXUH  &HOO YLDELOLW\ RI K0)&V RQ SHSWLGH K\GURJHOV K0)&V ZHUH FXOWXUHG RQ K\GURJHOV
FRQWDLQLQJSHSWLGHV)PRF)5*'))PRF)5*')3+651DQGFRDVVHPEO\RI)PRF)5*'))PRF
3+651IRUWKUHHFRQVHFXWLYHGD\V076DVVD\ZDVSHUIRUPHGDQGWKHDEVRUEDQFHYDOXHVZHUHREWDLQHG
DWQPZDYHOHQJWK;D[LV UHSUHVHQWVQXPEHURIGD\VDQG<D[LVVKRZV WKHSHUFHQWDJH FHOO
YLDELOLW\UHODWLYHWRWKHFRQWURO$EVRUEDQFHYDOXHRIFHOOVJURZQRQ)PRF)5*')ZDVFRQVLGHUHGDV
FRQWURO7KHH[SHULPHQWZDVSHUIRUPHGLQWULSOLFDWHPDQQHU6WXGHQW¶VWWHVWZDVSHUIRUPHGWRREWDLQHG
VLJQLILFDQWYDOXHDQGpYDOXHZDVFRQVLGHUHGVLJQLILFDQW
 &RQFOXVLRQ
,Q VXPPDU\ QRYHO FRDVVHPEOHG )PRF6$3 V\VWHPVZHUH GHYHORSHGZLWK WKH SRWHQWLDO WR
SUHVHQW PXOWLSOH ELRDFWLYH HSLWRSHV DQG V\QHUJLVWLFDOO\ SURYLGH DSSURSULDWH SK\VLFDO DQG
FKHPLFDO FXHV IRU FHOOXODU UHJHQHUDWLRQ DQG UHSDLU:HGHPRQVWUDWH WKDW WZR VLJQDOV FDQEH
LQFOXGHGLQWRDQDQRILEULOODU6$3K\GURJHOE\FRORFDOLVDWLRQLQRQHSHSWLGHVHTXHQFHPL[LQJ
WZR SUHIRUPHG JHOV RU E\ FRDVVHPEOLQJ WZR GLVWLQFW 6$3V IURP VLQJOH (&0 SURWHLQ ,Q
SDUWLFXODUZHVKRZIRU WKH ILUVW WLPH WKH VXFFHVVIXOFRDVVHPEO\RIPXOWLSOHELRDFWLYH6$3




VHTXHQFHV LQWR D VLQJOH QDQRILEUH VFDIIROG 7KLV SURFHVV HQDEOHV XV WR SURGXFH D WXQHDEOH
ELRPDWHULDOWKDWFDQLQFOXGHPXOWLSOHELRDFWLYHVHTXHQFHVLQSUHFLVHO\GHILQHGUDWLRV+\GURJHOV
FRQWDLQLQJRQHSHSWLGHHSLWRSH5*'FDQEHXVHGDVDWRROWRPLPLFWKH'PLFURHQYLURQPHQW
RIQDWXUDO(&0ZKHUHFHOOVFDQEHHQWUDSSHG&RDVVHPEO\RIWZRGLIIHUHQWSHSWLGHVLJQDOV
5*'DQG3+651RQVHSDUDWHSHSWLGHVLPSURYHVVSUHDGLQJDWWDFKPHQWDQGSUROLIHUDWLRQRI
K0)&VEXWWKHVDPHVLJQDOVRQWKHORQJSHSWLGHDUHQRWVXLWDEOHVLQFHDVVHPEO\LVGLVUXSWHGWR
IRUPDQLQHIIHFWLYHELRVFDIIROG7KHVHFRDVVHPEOHGV\VWHPVWKHUHIRUHSURYLGHDSODWIRUPIRU
DWXQHDEOHELRPLPHWLFPDWHULDOIRUIXWXUHin vitro'FHOOFXOWXUHDQGin vivo WLVVXHHQJLQHHULQJ
DSSOLFDWLRQV


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










 



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
&KDSWHU &KDUDFWHULVDWLRQRI0LQLPDOLVW&R
$VVHPEOHG)PRF6HOI$VVHPEOLQJ3HSWLGH6\VWHPVIRU
3UHVHQWDWLRQRI0XOWLSOH%LRDFWLYH3HSWLGHV

7KLVFKDSWHUZDVDFRQWLQXDWLRQRIZRUNRI&KDSWHUZKLFKGLVFXVVHGDFRDVVHPEO\V\VWHP
XVLQJWZRSHSWLGHVHTXHQFHIURPRQHVLQJOH(&0SURWHLQZKLOHLQWKLVFKDSWHUWZRGLVWLQFW
SHSWLGHVHTXHQFH5*'DQG,.9$9WKDWGHULYHGIURPGLIIHUHQW(&0SURWHLQVILEURQHFWLQDQG
ODPLQLQZHUHFKRVHQIRUWKHUHVHDUFK7KHDLPZDVWRH[SORUHWKHELRORJLFDOIXQFWLRQRIDVLQJOH
VFDIIROGWKDWFRQWDLQVPXOWLSOHSHSWLGHHSLWRSHVIURPGLIIHUHQWSURWHLQV7RDFKLHYHWKLVDLP
)PRF)5*')DQG)PRF',.9$9ZHUHFRDVVHPEOHGDQG'FHOOFXOWXUHRIP\REODVWVZHUH
XVHGWRDVVHVVLWVELRORJLFDOSURSHUWLHVFRPSDUHGZLWKVLQJOHK\GURJHODQGWKHK\GURJHOPL[WXUH
FRPSRVHGRIWKHWZRK\GURJHOVPL[HGWRJHWKHUSRVWDVVHPEO\

&RQWULEXWLRQRIWKHFDQGLGDWH
,GLG)7,5DQGFHOOFXOWXUHZRUNIRUWKLVFKDSWHU



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
Publications relevant to this chapter: 
&RQRU&+RUJDQ$OH[DQGUD/5RGULJXH]5XL/L.LDUD)%UXJJHPDQ1LFROH6WXSND-DUHG
.5D\QHV/L'D\-RKQ::KLWH5LFKDUG-:LOOLDPV'DYLG51LVEHW&KDUDFWHULVDWLRQRI
PLQLPDOLVW FRDVVHPEOHG IOXRUHQ\OPHWK\OR[\FDUERQ\O VHOIDVVHPEOLQJ SHSWLGH V\VWHPV IRU
SUHVHQWDWLRQ RI PXOWLSOH ELRDFWLYH SHSWLGHV Acta Biomaterialia,    
5HSURGXFHGZLWKSHUPLVVLRQIURP6FLHQFH'LUHFW

Present at: 
$SULOUG$QQXDO&RQIHUHQFHRIWKH$XVWUDODVLDQ6RFLHW\IRU%LRPDWHULDOVDQG7LVVXH
(QJLQHHULQJ$6%7(/RUQH9,&$XVWUDOLD3RVWHUSUHVHQWDWLRQ
$EVWUDFW
7KHQDWXUDO(&0FRQVLVWVRIPXOWLSOHSURWHLQEDVHGDWWDFKPHQW VLJQDOV ,Q WKLV FKDSWHUZH
GHPRQVWUDWHWKHFRDVVHPEO\RIWZRELRORJLFDOO\DFWLYH6$3VWRIRUPDFRDVVHPEOHGVFDIIROG
RIVWDEOHDQGGLVWLQFWWZRFRPSRQHQWQDQRILEULOVDQGGHPRQVWUDWHWKDWWKLVDSSURDFKLVPRUH
ELRDFWLYHWKDQHLWKHURIWKHLQGLYLGXDOV\VWHPVDORQH+HUHZHXVHWZRELRLQVSLUHG6$3VIURP
WZR NH\(&0SURWHLQV )PRF)5*') FRQWDLQLQJ WKH5*' VHTXHQFH IURP ILEURQHFWLQ DQG
)PRF',.9$9FRQWDLQLQJWKH,.9$9VHTXHQFHIURPODPLQLQ2XUUHVXOWVGHPRQVWUDWHWKDW
WKHVH6$3VDUHDEOHWRFRDVVHPEOHZZWRIRUPVWDEOHK\EULGQDQRILEUHVFRQWDLQLQJGXDO
HSLWRSHV&RPSDULVRQRIWKHFRDVVHPEOHG6$3V\VWHPWRWKHLQGLYLGXDO6$3K\GURJHOVDQGWR
DPL[HGV\VWHPFRPSRVHGRIWKHWZRK\GURJHOVPL[HGWRJHWKHUSRVWDVVHPEO\GHPRQVWUDWHV
LWVVXSHULRUVWDEOHWUDQVSDUHQWVKHDUWKLQQLQJK\GURJHOVDWELRORJLFDOS+LGHDOFKDUDFWHULVWLFV
IRUWLVVXHHQJLQHHULQJDSSOLFDWLRQV,PSRUWDQWO\ZHVKRZWKDWRQO\WKHFRDVVHPEOHGK\GURJHO
LV DEOH WR LQGXFH in vitroPXOWLQXFOHDWHP\RWXEH IRUPDWLRQZLWK&&FHOOV7KHVH UHVXOWV
LOOXVWUDWHWKHSRWHQWLDORIFRDVVHPEOHG)PRF6$3V\VWHPVIRUWLVVXHHQJLQHHULQJDSSOLFDWLRQV
 


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
 ,QWURGXFWLRQ
7KHPRVWSURPLVLQJFDQGLGDWHVIRUWLVVXHHQJLQHHULQJVKRXOGSURYLGHD'PLFURHQYLURQPHQW
ZLWKVXSSRUWIRUFHOOVDVZHOODVELRFKHPLFDOFXHVWRSURPRWHDQGUHJXODWHFHOOEHKDYLRXUVVXFK
DVFHOODGKHVLRQPLJUDWLRQSUROLIHUDWLRQDQGGLIIHUHQWLDWLRQ>@,QRUGHUIRUHIILFLHQW
ELRPHGLFDODSSOLFDWLRQVELRORJLFDOO\ UHOHYDQW IXQFWLRQDOJURXSVPXVWEH LQFRUSRUDWHG LQ WKH
ELRPDWHULDOV WRFRQWUROFHOOEHKDYLRUV WKLV UHTXLUHV WKH UDWLRQDOGHVLJQRI WLVVXHHQJLQHHULQJ
PDWHULDOV DQGSURYLGH LQVSLUDWLRQ IRUPDWHULDOV WKDW FDQEH DSSOLHG WRFHOO UHJHQHUDWLRQ DQG
UHSDLU

2XU SUHYLRXV UHVHDUFK KDV IRFXVHG RQ WKH KLJKGHQVLW\ SUHVHQWDWLRQ RI 5*' DQG ,.9$9
HSLWRSHV>@+HUHXQGHUDSSURSULDWHFRQGLWLRQVWKH)PRFJURXSVLQWHUDFWWKURXJK
ʌʌVWDFNLQJIRUPLQJWKHEDFNERQHRIWKH)PRF6$3VWUXFWXUHDQGWKHSHQGDQWSHSWLGHVDOLJQ
WKURXJK K\GURJHQ ERQGLQJ WR IRUP D QHWZRUN RIEVKHHWV7KHVH )PRF SHSWLGHV KDYH EHHQ
UDWLRQDOO\GHVLJQHGWRIRUP6$3K\GURJHOVDWSK\VLRORJLFDOS+>@DOORZLQJIRUFRQWURORI
YDULRXV FHOOXODU SURFHVVHV LQFOXGLQJ VXUYLYDO DGKHVLRQ GLIIHUHQWLDWLRQ PLJUDWLRQ DQG
SUROLIHUDWLRQ>@+RZHYHUZKLOHELRIXQFWLRQDOLVDWLRQRI6$3VFDIIROGVUHSUHVHQWVDVLJQLILFDQW
DGYDQFHPHQWLQWKHGHYHORSPHQWRIFHOOVFDIIROGPDWHULDOVFHOOXODUFRQWUROLVVRPHZKDWOLPLWHG
LQWKLVLQVWDQFHE\WKHSUHVHQWDWLRQRIDVLQJOHELRFKHPLFDOFXH>@,QWKHFDVHRIPLPLFNLQJ
QDWLYHFHOOXODUPLOLHXIRUWKHDGYDQFHPHQWRIELRPLPHWLFQDQRILEURXVVFDIIROGPXOWLFRPSRQHQW
SHSWLGHV\VWHPKDVEHFRPHLQFUHDVLQJO\SRSXODU ,W LVDVVXPHG WKDWFRPELQLQJ WZRRUPRUH
ELRORJLFDOVLJQDOVSURYLGHWKHVFDIIROGZLWKDV\QHUJLVWLFHIIHFWRQFHOOUHVSRQVHV>@7KH
FRPELQDWLRQ RIPXOWLSOH VLJQDOV LQ D VLQJOH KRPRJHQRXV VFDIIROG RIIHUV WKH SRWHQWLDO IRU D
V\QHUJLVWLFHIIHFWRQFHOOXODUUHVSRQVHWKURXJKWKHLPSURYHGVSDWLDODQGFKHPLFDODUUDQJHPHQW
RIPXOWLSOHELRDFWLYHVLJQDOV>@





$ UDQJH RI FRDVVHPEOHG V\VWHPV KDV EHHQ UHSRUWHG >@ +RZHYHU ELRDFWLYH FR
DVVHPEO\KDVRQO\SUHYLRXVO\EHHQLQYHVWLJDWHGLQ3$V\VWHPVZLWKOLPLWHGVXFFHVV>@DQG
LQDQ)PRF6$3V\VWHPZKHUHDQRQJHODWLQJ)PRF5*'PROHFXOHZDVXVHGWRGHFRUDWHILEULOV
RI)PRF))>@,QHDFKFDVHWKHPHFKDQLVPE\ZKLFKWKH6$3VPROHFXODUO\SDFNLQWRWKH
ILEUHVLVQRWZHOOXQGHUVWRRG7KHUHIRUHLQWKLVVWXG\WZR6$3V)PRF)5*'))LJXUH$
DQG)PRF',.9$9)LJXUH% WKDWGHULYHGIURPWZRVHSDUDWH(&0SURWHLQILEURQHFWLQ
DQGODPLQLQZHUHHQJLQHHUHGDQGVHOIDVVHPEO\WRIRUPVFDIIROGDQGFRDVVHPEO\K\GURJHORI
WKHVHWZR)PRF6$3V)LJXUH&DQGJHOPL[WKDWFRPSRVHGRIWKHWZRK\GURJHOVPL[HG
WRJHWKHU SRVWDVVHPEO\ )LJXUH ' ZHUH IRUPHG :H SUHVHQW D ILUVW VWHS WRZDUGV WKH
GHYHORSPHQW RI WUXO\ FRDVVHPEOHGPLQLPDOLVW ELRDFWLYH )PRF6$3 VFDIIROGV IRU WKH KLJK
GHQVLW\ SUHVHQWDWLRQ RI PXOWLSOH ELRFKHPLFDO FXHV LQ WKLV FDVH SUHVHQWLQJ ERWK 5*' DQG
,.9$9LQDVLQJOHFRDVVHPEOHG6$3V\VWHP,QRUGHUWRFRQILUPWKHVXFFHVVIXOIRUPDWLRQRI
FRDVVHPEOHGVWUXFWXUHVZHFKDUDFWHULVHG WKHDVVHPEO\SURFHVVDFURVVDOO OHQJWK VFDOHV WKH
PROHFXODUSDFNLQJXVLQJ)7,5DQG&'VSHFWURVFRS\WKHVWUXFWXUHVDWORQJHUOHQJWKVFDOHVE\
7(0DQGWKHEXONPHFKDQLFDOSURSHUWLHVRIWKHK\GURJHOVE\UKHRORJLFDOPHDVXUHPHQWV7KH
UHVXOWDQW FRDVVHPEOHG K\GURJHO VWUXFWXUHV IURP ERWK VLQJOH )PRF6$3 DQG SDUDOOHOPL[HG
)PRF6$3 K\GURJHO V\VWHPV ZHUH GLVWLQJXLVKHG WR VKRZ WKDW D XQLTXH KRPRJHQRXV
QDQRILEURXV K\GURJHOZDV REWDLQHG&UXFLDOO\ ELRORJLFDO FKDUDFWHULVDWLRQ RI WKHVH VFDIIROGV
GHPRQVWUDWHG WKH VXSHULRU ELRIXQFWLRQDOLW\ RI WKH FRDVVHPEOHG V\VWHPRYHU RXU RWKHU 6$3
V\VWHPV LQGLFDWLQJ WKH V\QHUJLVWLFSRWHQWLDORI VLPXOWDQHRXVO\SUHVHQWLQJPXOWLSOHELRDFWLYH
HSLWRSHV






)LJXUH &KHPLFDO VWUXFWXUHV DQG LOOXVWUDWLRQ RIPL[HG K\GURJHO SURFHVV SRVW DVVHPEO\ $
&KHPLFDO VWUXFWXUH RI )PRF)5*') DQG % )PRF',.9$9 & ʌȕ&RDVVHPEO\ SURFHVVZKHUH
SHSWLGHVDUHPL[HGSULRUWRJHODWLRQDQGFRDVVHPEOHGviaDS+VZLWFKPHWKRG'7KHPL[HGDVVHPEO\
SURFHVV UHVXOWV IURP WKHPL[LQJ RI WZR SUHYLRXVO\ SUHSDUHG JHOV JLYLQJ ULVH WR DQ LQKRPRJHQHRXV
K\GURJHO
 5HVXOWVDQG'LVFXVVLRQ
 &KDUDFWHULVDWLRQRIQDQRVWUXFWXUH
1DQRILEURXVVWUXFWXUHIRUPDWLRQDQGWKHQHWZRUNEXQGOLQJIRUVLQJOH)PRF)5*')K\GURJHO
DQG)PRF',.9$9V\VWHP WKHPL[HGDQGFRDVVHPEOHGZZV\VWHPZDVFRQILUPHG
ZLWK QHJDWLYHO\ VWDLQHG 7(0 )LJXUH $' $V H[SHFWHG WKH )PRF6$3V \LHOGHG
QDQRILEUHV ZLWK FRQVLVWHQW PRUSKRORJ\ DQG GLDPHWHUV ZLWK WKH FKDUDFWHULVWLF QDQRVFDOH
DVVHPEOLHV REVHUYHG IRU HDFK RI WKH VLQJOH)PRF6$3 V\VWHPV DOVR SURPLQHQW LQ WKH7(0
PLFURJUDSKV RI WKH PL[HG DQG FRDVVHPEOHG V\VWHPV 7KH FRDVVHPEOHG V\VWHP FRQWDLQHG
QDQRILEUHVZLWKZLGWKGLPHQVLRQVRIQPQP)LJXUH'IURPWKHPL[HGV\VWHP
QDQRILEUHV RI  QP  QP )LJXUH & FDOFXODWHG XVLQJ ,PDJH- 7KHPL[HG V\VWHP
QDQRILEUHVGLVSOD\VLPLODUZLGWKVWRERWKWKH)PRF)5*'))LJXUH$DQG)PRF',.9$9
)LJXUH % V\VWHPVZLWKZLGWK GLPHQVLRQV RI  QP  QP DQG  QP  QP
UHVSHFWLYHO\





)LJXUH 1DQR VWUXFWXUH RI K\GURJHOV $ )PRF)5*') % )PRF',.9$9 & JHOPL[ RI
)PRF)5*')DQG)PRF',.9$9DQG'FRDVVHPEO\RI)PRF)5*'))PRF',.9$9ZZ
7(0LPDJLQJRIWKHQDQRILEURXVQHWZRUNVGHPRQVWUDWHGK\GURJHOIRUPDWLRQLQHDFKFDVHDQG
WKDWFRDVVHPEO\UHVXOWHGLQQDQRVFDOHPRUSKRORJLHVVLPLODUWRWKHLQGLYLGXDODVVHPEOLHVUDWKHU
WKDQ DOORZLQJ D VHFRQGDU\ W\SH RI VWUXFWXUH WR IRUP >@ ,PSRUWDQWO\ PRUSKRORJLFDO
GLIIHUHQFHV ZHUH REVHUYHG EHWZHHQ WKH K\GURJHOPL[HG DQG FRDVVHPEOHG )PRF
)5*'))PRF',.9$9V\VWHPVVXJJHVWLQJWKDWWKHPHWKRGRIFRPELQDWLRQSOD\VDUROHLQ
GHWHUPLQLQJWKHRYHUDOOQHWZRUNVWUXFWXUH
 &KDUDFWHULVDWLRQRIPHFKDQLFDOSURSHUWLHV
7KHVWLIIQHVVRIHDFKV\VWHPZDVDQDO\VHGXVLQJDSDUDOOHOSODWHUKHRPHWHU)RUWKHVLQJOH)PRF
6$3V\VWHPVWKH*¶YDOXHRI)PRF',.9$9ZDVDWa3D)LJXUH%LQWKHDSSURSULDWH
UDQJH IRU DSSOLFDWLRQ WR WLVVXH HQJLQHHULQJZKLOH WKHPRGXOL IRU)PRF)5*')ZHUHPXFK
ORZHU )LJXUH $ 7KH *¶ YDOXH RI WKH PL[HG )PRF)5*'))PRF',.9$9 V\VWHP
)LJXUH&ZDVVLPLODUWRWKDWRIVLQJOH)PRF',.9$9ZKHUHDVWKHUDWLRRI*´*¶WKHWDQ
įYDOXHZDVVLPLODUWRWKDWRIWKHVLQJOH)PRF)5*')V\VWHPDWEHWZHHQ+]
,Q FRQWUDVW WKH PRGXOL IRU FRDVVHPEOHG )5*')',.9$9  ZZ VKRZHG D a
UHGXFWLRQUHODWLYHWR)PRF',.9$9EXWWKHWDQįZDVPDLQWDLQHG)LJXUH'





)LJXUH  5KHRORJLFDO GDWD IRU VLQJOH )PRF6$3 VHTXHQFHV $ )5*') % ',.9$9 ZLWK
FRPSDULVRQWR&PL[HGDQG'FRDVVHPEOHGV\VWHPVDW&EODFNDQG&JUH\*¶ FLUFOHV
*´ VTXDUHV
0RUSKRORJLFDOGLIIHUHQFHVEHWZHHQWKHPL[HGDQGFRDVVHPEOHG)PRF6$3V\VWHPVZHUHDOVR
DSSDUHQWWKURXJKGLIIHUHQFHVLQWKHHODVWLFPRGXOLIRUHDFKV\VWHP7KHUKHRORJLFDOSURSHUWLHV
RI K\GURJHOV DUH FRQWUROOHG E\ D QXPEHU RI SDUDPHWHUV LQFOXGLQJ QDQRILEUH VWLIIQHVV
FRQFHQWUDWLRQEUDQFKLQJDQGQXPEHUW\SHRIHQWDQJOHPHQWV>@'LIIHUHQFHVLQWKHUKHRORJLFDO
SURSHUWLHVRIHDFKRI WKH)PRF6$3V\VWHPV WKHUHIRUHHQDEOHXV WRGLVWLQJXLVKEHWZHHQ WKH
PL[HGDQGFRDVVHPEOHGV\VWHPV)RUWKHPL[HGV\VWHPWKHVLPLODULW\RIWKH*¶YDOXHWRWKDW
RI)PRF',.9$9DQGWKHVLPLODULW\RIWKHWDQįYDOXHWR)PRF)5*')VXJJHVWVWKDWWKHWZR
)PRF6$3VFRH[LVWHGDV WZRVHSDUDWHQRQLQWHUDFWLYHQHWZRUNVDQGERWKFRQWULEXWHGWRWKH
RYHUDOO UKHRORJLFDOSURSHUWLHVRI WKHPL[HGV\VWHPZKLFKKDVEHHQREVHUYHGZLWKRWKHUFR
DVVHPEOHGV\VWHPV>@2QWKHRWKHUKDQGWKHGLVWLQFWPRGXOLIRUWKHFRDVVHPEOHGV\VWHP
ZLWKDWDQįYDOXHVLPLODUWR)PRF',.9$9VXJJHVWVWKDWFRDVVHPEOHG)PRF)5*'))PRF
',.9$9LVDFRRSHUDWLYHV\VWHPZLWKPRGLILFDWLRQWRWKHILEULOLQWHUDFWLRQZKLFKLQIOXHQFHG




WKH W\SHQXPEHURIHQWDQJOHPHQWV IRUPHG LQGLFDWLQJD VLQJOHDJJUHJDWHGVWUXFWXUHH[LVWVDV
RSSRVHGWRDFRRSHUDWLYHQHWZRUNRIWZRGLVWLQFWFRPSRQHQWV
 &KDUDFWHULVDWLRQRIVHFRQGDU\VWUXFWXUH
)7,5VSHFWUDRIHDFKRIWKHVLQJOHPL[HGDQGFRDVVHPEOHG6$3V\VWHPVDUHVKRZQLQ)LJXUH
$,QHDFKFDVHDPDMRUSHDNDWDSSUR[LPDWHO\FPLQGLFDWLQJWKHSUHVHQFHRIȕVKHHW
SDWWHUQ&'VSHFWUD IRU WKHVLQJOHDQGPL[HG6$3V\VWHPVGLVSOD\ ORFDOPD[LPXPEDQGVDW
DSSUR[LPDWHO\QPDQGRUORFDOPLQLPXPEDQGVDWDSSUR[LPDWHO\QP)LJXUH%
7UDQVLWLRQVSUHVHQWLQWKHQPUHJLRQRIWKH&'VSHFWUDIRUWKHVLQJOHDQGPL[HGV\VWHPV
LQGLFDWH WKHSUHVHQFHRIEVKHHWV+RZHYHU WKH&' VSHFWUD IRU WKH FRDVVHPEOHG V\VWHP LV
LQYHUWHGDUHVXOWRIWKHʌʌ&RWWRQHIIHFWIURPWKH)PRFPRLHW\LPSO\LQJDQRSSRVLWHFKLUDOLW\
RIWKHFRDVVHPEOHGV\VWHPZLWKUHVSHFWWRWKHRWKHUSHSWLGHV\VWHPV>@7KLVHIIHFW
SRVVLEO\DULVHVIURPWKHQRYHOLQWHUDFWLRQRIDURPDWLFDQGWKHFDUER[\OJURXSVLQGXFHGGXULQJ
WKHKHWHURJHQHRXVPROHFXODUSDFNLQJRIWKHSHQWDDQGKH[DSHSWLGHV>@SURYLGLQJDPHDQV
WR VSHFWURVFRSLFDOO\ GLVWLQJXLVK WKH FRDVVHPEOHG V\VWHP IURP WKH PL[HG V\VWHP $QRWKHU
EURDGWUDQVLWLRQVLQWKHQPUHJLRQIRUHDFKRIWKHV\VWHPVDULVLQJIURPQXPHURXVʌ
ʌWUDQVLWLRQVLQGLFDWHWKHVXSUDPROHFXODUDOLJQPHQWRIWKHSHSWLGHQDQRILEUHVLQWRDK\GURJHO
VFDIIROG>@7KHODUJHWUDQVLWLRQVIRUWKHVLQJOH)PRF)5*')DQG)PRF',.9$9K\GURJHOV
LQWKLVUHJLRQLQGLFDWHDKLJKGHJUHHRIILEUHEXQGOLQJ>@7KHVDPHHIIHFWLVREVHUYHGIRU
WKH PL[HG DQG FRDVVHPEOHG 6$3 V\VWHPV WKRXJK FRDVVHPEOHG )PRF)5*'))PRF
',.9$9GLVSOD\VVPDOOHUWUDQVLWLRQVUHODWLYHWRERWKWKHVLQJOHDQGPL[HG6$3V\VWHPV7KLV
FRXOGEHGXHWRDUHGXFHGQXPEHURIILEULOVSUHVHQWGXHWRDVLQJOHSRSXODWLRQRIKHWHURJHQHRXV
VWUXFWXUHV


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

)LJXUH6SHFWURVFRSLFVSHFWUD$)7,5DQDO\VLVRIDPLGH,UHJLRQVKRZLQJFKDUDFWHULVWLFSHDNV
IRUDQWLSDUDOOHOȕVKHHWVDQG%&'VSHFWUDIRUVLQJOHPL[HGDQGFRDVVHPEOHG6$3K\GURJHOV&'
VKRZVWUDQVLWLRQSHDNVSUHVHQWLQ±QPIRUDOOV\VWHPVVXJJHVWLQJWKHSUHVHQFHRIȕVKHHWV
7UDQVLWLRQV LQ WKH QP UHJLRQ UHSUHVHQW VXSUDPROHFXODU RUGHULQJ DQGEXQGOLQJRI LQGLYLGXDO
ILEUHV
7RJHWKHUWKH)7,5DQG&'VSHFWUDLQGLFDWHWKHSUHVHQFHRIEVKHHWVW\SLFDORIWKLVFODVVRI
DVVHPEO\>@VXSSRUWLQJWKHVWUXFWXUDOVLPLODULWLHVREVHUYHGEHWZHHQWKHQDQRILEURXVQHWZRUNV
+RZHYHUVSHFWUDOGLIIHUHQFHVEHWZHHQWKHFRDVVHPEOHG)PRF6$3V\VWHPDQGWKHPL[HGDQG
VLQJOH )PRF6$3 V\VWHPV SURYLGH IXUWKHU HYLGHQFH IRU WKH GLVWLQFW QDQRILEURXV VWUXFWXUH
IRUPHGWKURXJKFRDVVHPEO\
 $VVHVVPHQWRIIXQFWLRQDOLW\via'FHOOFXOWXUH
' FHOO FXOWXUHV RI WKHPRXVH VNHOHWDOPXVFOH SUHFXUVRU FHOO OLQH &&P\REODVWV ZHUH
SHUIRUPHGIRUHDFKRIWKH6$3V\VWHPV&FHOOVDUHNQRZQWRSUROLIHUDWHDVP\REODVWVEXW
ZLOOZLWKGUDZIURPWKHFHOOF\FOHDQGIXVHWRIRUPPXOWLQXFOHDWHGP\RWXEHVXQGHUDSSURSULDWH
FHOOFRQGLWLRQV>@5HVHDUFKKDVVKRZQWKDW&&FHOOVSUROLIHUDWHZHOODQGDUHYLDEOHZKHQ
FXOWXUHG RQ ODPLQLQ RU ILEURQHFWLQ %XW ODPLQLQ VXSSRUWHG VLJQLILFDQWO\ JUHDWHU P\RWXEH
IRUPDWLRQ>@2WKHUVKDYHDOVRVKRZQWKDW&&FHOOVKDYHVLPLODUFHOOYLDELOLW\RQ,.9$9
DQG 5*' FRQWDLQLQJ SHSWLGH DPSKLSKLOHV ZKLFK GHULYHG IURP ODPLQLQ DQG ILEURQHFWLQ
UHVSHFWLYHO\>@,QRXUUHVHDUFKZHUHVHDUFKHGRQFHOOVSUHDGLQJDQGPRUSKRORJ\)ROORZLQJ
KRIFXOWXUHP\REODVWVZHUHYLVXDOLVHGZLWK'$3,QXFOHDUVWDLQDQG5KRGDPLQHSKDOORLGLQ
)DFWLQVWDLQVWDLQLQJ)LJXUH ,QHDFKFDVHVHHGHGFHOOVPLJUDWHG LQWR WKHJHOPDWUL[




UDWKHU WKDQ UHPDLQLQJRQ WKH VXUIDFH LQGLFDWLQJ WKH)PRF6$3K\GURJHOVSURPRWHG&&
PLJUDWLRQ &HOOV VHHGHG RQWR WKH )PRF)5*') K\GURJHO )LJXUH $ ZHUH PRVWO\
PRQRQXFOHDUZLWKVRPHPXOWLQXFOHDWHGFHOOVIRUPHG,QDGGLWLRQOLPLWHGFHOOVSUHDGLQJZDV
REVHUYHG)RUWKH)PRF',.9$9K\GURJHO)LJXUH%RQWKHRWKHUKDQGDPXFKJUHDWHU
GHJUHHRIFHOOVSUHDGLQJZDVREVHUYHGZLWKPDQ\PXOWLQXFOHDUFHOOVIRUPHGDIHZRIZKLFK
ZHUH EHJLQQLQJ WR HORQJDWH LQWR P\RWXEHOLNH VWUXFWXUHV 7KH FRDVVHPEOHG )PRF
)5*'))PRF',.9$9K\GURJHO)LJXUH'GLVSOD\HGDQHYHQPRUHUHPDUNDEOHHIIHFWRQ
FHOO PRUSKRORJ\ ZLWK QXPHURXV PXOWLQXFOHDU FHOO FOXVWHUV REVHUYHG DV ZHOO DV HORQJDWHG
PXOWLQXFOHDWHGP\RWXEHVZKLFKVWDLQHGLQWHQVHO\IRU)DFWLQ8QIRUWXQDWHO\WKHRSDFLW\RIWKH
PL[HG)PRF)5*'))PRF',.9$9V\VWHP)LJXUH&SUHYHQWHGFOHDU LPDJLQJRI WKH
FHOOVLQWKHK\GURJHOWKRXJKLW LVFOHDUWKDWIHZHUP\RWXEHVKDSHGFHOOVKDYHIRUPHGLQWKLV
V\VWHPWKDQWKHFRDVVHPEOHGV\VWHP

)LJXUH'$3,5KRGDPLQHSKDOORLGLQ VWDLQLQJRI&&P\REODVWVPDLQWDLQHG LQKLJKJOXFRVH
'0(0SOXV)%6DWKSRVWVHHGLQJRQWRK\GURJHOVRI$)PRF)5*')%)PRF',.9$9
&PL[HG)5*')',.9$9DQG'FRDVVHPEOHG)5*')',.9$9




& FHOO FXOWXUHV GHPRQVWUDWHG WKH HQKDQFHG ELRDFWLYLW\ RI WKH FRDVVHPEOHG )PRF6$3
V\VWHPUHODWLYHWRERWKWKHVLQJOHDQGWKHPL[HG)PRF6$3V\VWHPVKLJKOLJKWLQJWKHEHQHILW
RILQFRUSRUDWLQJPXOWLSOHELRDFWLYHHSLWRSHVLQWRDVLQJOHQDQRILEURXVQHWZRUN/DPLQLQEDVHG
VXEVWUDWHVKDYHEHHQVKRZQWRVXSSRUWSUROLIHUDWLRQDQGP\RJHQLFGLIIHUHQWLDWLRQRIP\REODVWV
>@ ZKLOH ILEURQHFWLQEDVHG VXEVWUDWHV KDYH DOVR GHPRQVWUDWHG WKHLU DELOLW\ WR GULYH
P\RJHQHVLV >@ 2XU UHVXOWV GHPRQVWUDWH WKH DIILQLW\ RI WKHVH FHOOV IRU RXU ODPLQLQ DQG
ILEURQHFWLQEDVHG6$3V\VWHPVZLWKDFOHDUSUHIHUHQFHIRUWKHFRDVVHPEOHG)PRF6$3V\VWHP
FRQWDLQLQJ ERWK ODPLQLQ DQG ILEURQHFWLQGHULYHG HSLWRSHV ,PSRUWDQWO\ WKLV UHVXOW DOVR
GHPRQVWUDWHV WKH DGYDQWDJHV IRU WKH FRDVVHPEOHG 6$3 V\VWHP UHODWLYH WR WKH PL[HG 6$3
V\VWHPZLWK FOHDUHU JHO IRUPDWLRQZKLFK KDV SUDFWLFDO LPSOLFDWLRQV IRU WKH XVH RI WKLV FR
DVVHPEOHG6$3V\VWHPLQWLVVXHHQJLQHHULQJDSSOLFDWLRQV,QDGGLWLRQIRUVXFFHVVIXO in vivo
DSSOLFDWLRQVDVDGMXYDQWFHOOVFDIIROGVLWLVHVVHQWLDOWKDWWKHK\GURJHOVFDIIROGFORVHO\PLPLFV
WKH QDWLYH (&0 ERWK LQ WHUPV RI WKH FKHPLFDO VLJQDO SUHVHQWHG DQG WKH SK\VLFDO VXSSRUW
SURYLGHG>@7KHHODVWLFPRGXOLRIQHXUDOWLVVXHUDQJHVIURP3DZKLOHWKHPRGXOLIRU
FRQQHFWLYHDQGPXVFOHWLVVXHVDUHa3D>@$VVXFK)PRF6$3K\GURJHOVZLWKHODVWLF
PRGXOLLQWKHVHUDQJHVKDYHWKHSRWHQWLDOWRDFWDVDGMXYDQW(&0PLPHWLFFHOOVFDIIROGVZLWK
DSSURSULDWH SURSHUWLHV IRU WLVVXH HQJLQHHULQJ DSSOLFDWLRQV >@ ,PSRUWDQWO\ WKHVH UHVXOWV
LQGLFDWHWKDWWKHPRGXOLRIWKHFRDVVHPEOHGV\VWHPDUHLQWKHDSSURSULDWHUDQJHIRUDSSOLFDWLRQ
WRWLVVXHHQJLQHHULQJ
 &RQFOXVLRQ
7KLVVWXG\KDVGHPRQVWUDWHGWKHFDSDFLW\RIPLQLPDOLVWIXQFWLRQDOLVHG)PRF6$3VWRXQGHUJR
FRDVVHPEO\WRIRUPVWDEOHQDQRILEURXVK\GURJHOQHWZRUNVZLWKHQKDQFHGELRIXQFWLRQDOLW\,Q
VXPPDU\QRYHOFRDVVHPEOHG)PRF6$3V\VWHPVZHUHGHYHORSHGZLWKWKHSRWHQWLDOWRSUHVHQW
PXOWLSOHELRDFWLYHHSLWRSHVDQGV\QHUJLVWLFDOO\SURYLGHDSSURSULDWHSK\VLFDODQGFKHPLFDOFXHV




IRUFHOOXODUUHJHQHUDWLRQDQGUHSDLU:HGHPRQVWUDWH WKDW WZRVLJQDOVFDQEHLQFOXGHGLQWRD
QDQRILEULOODU6$3K\GURJHOE\PL[LQJWZRSUHIRUPHGJHOVRUE\FRDVVHPEOLQJWZRGLVWLQFW
6$3V,QSDUWLFXODUZHVKRZWKHFRDVVHPEO\RIPXOWLSOHELRDFWLYH6$3VHTXHQFHVLQWRDVLQJOH
QDQRILEUHVFDIIROG7KLVSURFHVVHQDEOHVXVWRSURGXFHDWXQHDEOHELRPDWHULDOWKDWFDQLQFOXGH
PXOWLSOHELRDFWLYHVHTXHQFHVLQSUHFLVHO\GHILQHGUDWLRV,PSRUWDQWO\WKHREVHUYHGLQFUHDVHLQ
WKHZLGWKRIWKHFRDVVHPEOHGQDQRILEUHVGHPRQVWUDWHVDSRWHQWLDODYHQXHIRUWKHWXQLQJRIILEULO
PRUSKRORJ\WKURXJKWKHFRDVVHPEO\RIPXOWLSOH6$3V\VWHPVLQGLFDWLQJWKHFDSDFLW\IRUFR
DVVHPEO\WRHQDEOHWXQLQJRIELRPLPHWLF6$3VFDIIROGVWRWKH(&0RISDUWLFXODUWLVVXHV7KLV
VWXG\VLPLODUO\GHPRQVWUDWHVWKHGLVWLQFWELRFKHPLFDOSURSHUWLHVRIDFRDVVHPEOHGV\VWHPIRU
WKHFRQFRPLWDQWSUHVHQWDWLRQRIXQLTXHVLJQDOV WR LQGLYLGXDOPXVFOHSUHFXUVRUFHOOV &&
P\REODVWV VWLPXODWLQJ GLVWLQFW FHOOXODU EHKDYLRXUV ZLWK UHJDUGV WR FHOO VSUHDGLQJ DQG WKH
IRUPDWLRQ RI HORQJDWHG PXOWLQXFOHDWHG P\RWXEHOLNH VWUXFWXUHV 7KLV FRDVVHPEOHG V\VWHP
WKHUHIRUHSURYLGHVDSODWIRUPIRUDWXQHDEOHELRPLPHWLFPDWHULDOIRUIXWXUHin vitroDQGin vivo 
WLVVXHHQJLQHHULQJDSSOLFDWLRQV

 


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
&KDSWHU ,QFUHDVHG6XSUDPROHFXODU2UGHULQJRI6HOI
$VVHPEOHG3HSWLGH6FDIIROGVZLWK3RO\DQLRQLF
3RO\VDFFKDULGHV

&RQWULEXWLRQRIWKHFDQGLGDWH
,GLGDOOWKHZRUNLQWKLVFKDSWHU 




Manuscript under Review. 
$EVWUDFW
&RQWURORYHUWKHPDFURPROHFXODURUGHULQJDQGWKHVSDWLDOGLVWULEXWLRQRIWKHVWUXFWXUHVIRUPHG
via WKHPHFKDQLVPVRIPROHFXODUVHOIDVVHPEO\LVDFKDOOHQJHWKDWFRXOG\LHOGDUDQJHRIQHZ
IXQFWLRQDOPDWHULDOV,QWKLVVWXG\ZHVHWRXWWRH[SORUHWKHDELOLW\RIIXFRLGDQWRPRGXODWHWKH
DVVHPEO\ DQG PHFKDQLFDO SURSHUWLHV RI WKH UHVXOWDQW K\GURJHO WKURXJK ERWK ELQGLQJ DQG
WHPSODWLQJHIIHFWV7KLVZRXOGSURYLGHSURRIRISULQFLSOHRIDYHUVDWLOHWHFKQLTXHRIK\GURJHO
IRUPDWLRQIURPSHSWLGHEDVHGJHODWRUVWRFRDVVHPEOHDYDULHW\RIIXQFWLRQDOELRSRO\PHUVLQ
WKLVFDVHIXFRLGDQZLWKLQDJHOPDWUL[+HUHZHVKRZWKDWviaFRDVVHPEO\ZLWKIXFRLGDQWKH
PLFURVFDOHRUGHULQJRIWKHSHSWLGHILEULOVDQGVXEVHTXHQWPHFKDQLFDOSURSHUWLHVRIWKHUHVXOWDQW
K\GURJHOFDQEHHIIHFWLYHO\PDQLSXODWHG )LUVWO\ZHH[DPLQHGWKHDELOLW\RI WKHSUHYLRXVO\
GLVFXVVHG)PRF)5*')V\VWHPWRELQGFRQFHQWUDWLRQVRIIXFRLGDQXSWRPJP/ZW
XQGHUSK\VLRORJLFDOO\UHOHYDQWFRQGLWLRQVS+DQGP03%6FRQFHQWUDWLRQ:HWKHQ
GHWHUPLQHGWKHLQIOXHQFHRIWKHIXFRLGDQRQWKHDVVHPEO\SURFHVVDQGVXSUDPROHFXODURUGHULQJ
ILQDOO\ZH H[SORUHG WKH HIIHFW RI WKLV SURFHVV RQ WKHPHFKDQLFDO SURSHUWLHV RI WKH UHVXOWDQW
K\GURJHOPDWUL[
 




 ,QWURGXFWLRQ
0ROHFXODU VHOIDVVHPEO\ LV D SURFHVV LQ ZKLFK PROHFXOHV LQWHUDFW ZLWK HDFK RWKHU WR
VSRQWDQHRXVO\VHOIRUJDQLVH LQWRKLJKHURUGHUVWUXFWXUHVZLWKRXWH[WHUQDOFRQWURO >@7KLV
KDVEHHQXVHGDVDYHUVDWLOHDQGDFFHVVLEOHPHWKRGWRIRUPFRPSOH[IXQFWLRQDOPDWHULDOV>
@%LRORJ\LVUHSOHWHZLWKH[DPSOHVRIFRPSOH[VWUXFWXUHVWKDWVSRQWDQHRXVO\IRUPIURP
VHHPLQJO\ VLPSOH VWDUWLQJPDWHULDOV >@7KH VHOIDVVHPEO\RI DPSKLSKLOLFSHSWLGHV LV
EDVHGRQWKHUHODWLYHVWDELOLW\RIWKHVWUXFWXUHVXQGHUWKHVSHFLILFFRQGLWLRQVRIDVVHPEO\i.e.
S+WHPSHUDWXUHLRQLFVWUHQJWKetc.>@&RQWURORYHUWKHRUJDQLVDWLRQRIWKHVWUXFWXUHV
IRUPHGE\6$3K\GURJHOV\VWHPVLVFXUUHQWO\DFKLHYHGviaFRQWURORIDVVHPEO\FRQGLWLRQVVXFK
DV WKHPROHFXOH¶V VSHFLILF S.D >@ FKHPLFDO SURSHUWLHV >@ WKHUPDOO\ LQGXFHG JHODWLRQ
>@RUWKHHQ]\PDWLFFRQWURORIPROHFXODULQWHUDFWLRQV>@7\SLFDOO\WKHVHV\VWHPVFRQVLVW
RIDVLQJOHJHODWRUVSHFLHVLQDUHODWLYHO\GLOXWHHQYLURQPHQW7KHDVVHPEO\RIVPDOOPROHFXOHV
LQ WKHSUHVHQFHRIRWKHUPDFURPROHFXOHV VXFKDVSRO\VDFFKDULGHV FDQ VLJQLILFDQWO\DOWHU WKH
SK\VLFDO DQG PHFKDQLFDO SURSHUWLHV RI WKH ILQDO PDWHULDO > @ 5HFHQWO\ WKH
VXSUDPROHFXODURUGHULQJRIVHOIDVVHPEOHGVWUXFWXUHVKDVEHHQVKRZQWREHVLJQLILFDQWO\DOWHUHG
ZKHQDVVHPEOHGLQWKHSUHVHQFHRIVHUXP>@DQGF\WRVROSURWHLQV>@&RQWURORIVXFK
SKHQRPHQDLVFULWLFDOIRUWKHLUDSSOLFDWLRQLQUHJHQHUDWLYHPHGLFLQHDV6$3VPXVWDVVHPEOHDW
SK\VLRORJLFDOS+DQGLQWKHSUHVHQFHRIVHUXPSURWHLQV5HFHQWVWXGLHVRIPXOWLSOHFRPSRQHQW
V\VWHPVKDYHVKRZQ6$3VWREHDQHIIHFWLYHGHOLYHU\WRROIRUSURWHLQWKHUDSHXWLFV>@DQG
SRO\SKHQROV>@ZKLFKKLJKOLJKWVWKHSRVVLELOLW\RIDFKLHYLQJVXSUDPROHFXODURUGHULQJLQWKH
SK\VLRORJLFDOHQYLURQPHQW)XUWKHUPRUHZHKDYHUHFHQWO\DFKLHYHGWKHin vivoSUHVHQWDWLRQRI
ELRORJLFDOO\UHOHYDQWEDVHPHQWPHPEUDQHSURWHLQV>@

7KH LQFRUSRUDWLRQ RI WKH JHOOLQJ ROLJRVDFFKDULGH DJDURVH LQWR D VROXWLRQ RI ORZPROHFXODU
ZHLJKWJHODWRUVVXSUDPROHFXODUK\GURJHOVVLJQLILFDQWO\LPSURYHGWKHPDWHULDOSURSHUWLHVRI




WKHK\GURJHO>@,QRUGHUWRVWXG\WKHSRVVLELOLW\RILQFOXGLQJDIXQFWLRQDOSRO\VDFFKDULGH
LQWRWKHSHSWLGHK\GURJHOZHFKRVHWRXVHDSRO\DQLRQLFELRSRO\PHUIXFRLGDQ>@)XFRLGDQV
DUHYHJHWDOIXFRVHFRQWDLQLQJSRO\VDFFKDULGHVH[WUDFWHGIURPEURZQDOJDHDQGKDYHORZDQWL
FRDJXODQWDFWLYLW\>@7KH\DUHNQRZQWRELQGKHSDULQELQGLQJJURZWKIDFWRUVDQGHQKDQFH
WKHLUDFWLYLW\>@ZKLOVWDOVREHLQJXVHGIRUKHPRSRHWLFH[SDQVLRQFXOWXUH>@DQGDV
ZRXQGKHDOLQJDFFHOHUDWRUV>@+RZHYHUXQOLNHDJDURVHIXFRLGDQGRHVQRWIRUPJHOV
LQLVRODWLRQDQGUHTXLUHVJHOOLQJFRPSRQHQWVWREHDGGHGIRUZRXQGFDUHDSSOLFDWLRQV>@
 5HVXOWVDQG'LVFXVVLRQ
 3HSWLGHVHOIDVVHPEO\
7KHXQGHUO\LQJVHOIDVVHPEOLQJV\VWHPWKDWZDVFKRVHQIRUWKLVVWXG\LVEDVHGRQDPSKLSKLOLF
DURPDWLFSHSWLGHGHULYDWLYH)PRF)5*'))LJXUHDVWKHPHFKDQLFDOSURSHUWLHVRIORZ
PROHFXODUZHLJKWJHODWRUVRIWKLVFODVVDUHGLIILFXOWWRPRGLI\>@7KHVHZHUHSUHSDUHGviaVROLG
SKDVH)PRFSHSWLGHV\QWKHVLVPHWKRGZKLFKUHVXOWVLQDZKLWHFU\VWDOOLQHSRZGHU

)LJXUH&KHPLFDOVWUXFWXUHDQGLOOXVWUDWLRQRISHSWLGHVHOIDVVHPEO\$&KHPLFDOVWUXFWXUH
RI)PRF)5*')%6FKHPDWLFRIWKHDVVHPEO\SURFHVVZKHUHLQGLYLGXDOSHSWLGHVIRUPILEULOV
ZKLFK EHFRPH HQWDQJOHG WR IRUP WKH K\GURJHOPDWUL[ &5HSHDWLQJ XQLW RI IXFRLGDQ '
6FKHPDWLF RI SURSRVHG LQGXFWLRQ RI VXSUDPROHFXODU RUGHULQJ E\ LQWHUDFWLRQ EHWZHHQ DQG
LQGLYLGXDOILEULOVWR\LHOGWKLFNHUEXQGOHV




)XFRLGDQ LV VXSSOLHG DV D KLJKO\ VROXEOH GHK\GURJHQDWHGZKLWH SRZGHU:HH[DPLQHG IRXU
VDPSOHVDµSXUH¶K\GURJHORI)PRF)5*')DWPJP/DQGWKUHHRIWKHVDPHFRQFHQWUDWLRQ
RISHSWLGHZLWKDQGPJP/RIIXFRLGDQ,QDGGLWLRQDFRQWUROZDVSUHSDUHGZKHUH
WKHJHOZDVIRUPXODWHGIURP)PRF)5*')DQGPJP/IXFRLGDQZDVVXEVHTXHQWO\DGGHGE\
PL[LQJ7KHK\GURJHOVZHUHSUHSDUHGE\DZHOOHVWDEOLVKHGS+VZLWFKPHWKRG>@7KHSHSWLGH
DQGRUIXFRLGDQSRZGHUVZHUHVROXELOLVHGE\WKHDGGLWLRQRIDVPDOODPRXQWRI1D2+WRUDLVH
WKHS+:LWKYRUWH[LQJ WKHS+ZDVDGMXVWHG WRDQGEXIIHUHGZLWKSRWDVVLXPSKRVSKDWH
EXIIHU+\GURJHODWLRQZDVREVHUYHGWRKDYHRFFXUUHGZLWKLQKRIWKHSURFHVVZKLFKSDVVHG
WKH LQYHUVLRQ WHVW ,QWHUHVWLQJO\ WKH IXFRLGDQSHSWLGHJHOVZHUHREVHUYHG WR DVVHPEOHPXFK
PRUHUDSLGO\SRVVLEO\GXHWRWKHLQWHUDFWLRQRIWKHIXFRLGDQZLWKWKHLQGLYLGXDOSHSWLGHILEUHV
DVWKHJHOPDWUL[LVIRUPLQJ7KLVLQFUHDVHLQJHOIRUPDWLRQKDVEHHQSUHYLRXVO\REVHUYHGDVD
IXQFWLRQ RI WKH H[WHQW RI WKH VWLPXOXV GXULQJ WKH HDUO\ VWDJHV RI DVVHPEO\ > @
,PSRUWDQWO\WKHDGGLWLRQRIWKHIXFRLGDQGLGQRWDIIHFWWKHS.DRIWKHSHSWLGHDQGWKHJHOVDOO
IRUPHGDWWKHVDPHS+>@$VLJQLILFDQWFKDQJHLQWKHDSSDUHQWS.DRIWKH6$3FDQRFFXU
DQGUHVXOWLQJLQDVVHPEO\DWDS+YDOXHVHYHUDOXQLWVDZD\IURPWKHFDOFXODWHGYDOXH>@
:KLOVWWKHJHOVZHUHDOORSWLFDOO\WUDQVSDUHQWLWZDVREVHUYHGWKDWWKHPJP/K\GURJHO
ZDVVOLJKWO\PRUHRSDTXH$SSHQGL[,ࡳ6XSSOHPHQWDU\)LJXUH,$
 1DQRDQGPLFURVWUXFWXUHRI)PRF6$3K\GURJHOV
,QRUGHUWRORRNDWWKHHIIHFWRIWKHDGGLWLRQRIWKHIXFRLGDQRQWKHQDQRDQGPLFURVWUXFWXUHRI
WKHUHVXOWDQWK\GURJHOVZHXVHG7(0DQG$)0UHVSHFWLYHO\)LJXUH7KH7(0LPDJHV
VKRZWKDWWKHSHSWLGHDORQHIRUPVDVHULHVRIQDQRVFDOHILEULOODUVWUXFWXUHVaQPLQGLDPHWHU
DQGPLFURQVLQOHQJWK)LJXUH$'H[DPLQDWLRQZLWK$)0WKLVUHYHDOHGWKDWWKHVHLQWHUDFW
WR IRUP DQ LQWHUFRQQHFWHG QHWZRUN RI LQGLYLGXDO ILEURXV VWUXFWXUHV )LJXUH $'
,PSRUWDQWO\ ZLWK DQ LQFUHDVH LQ WKH FRQFHQWUDWLRQ RI IXFRLGDQ WKH QDQRPHWUH VFDOH VHOI




DVVHPEOHGVWUXFWXUHVUHPDLQHGFRQVLVWHQWZKLOHWKHPLFURPHWUHVFDOHQHWZRUNRUJDQLVDWLRQZDV
REVHUYHGWRFKDQJHVLJQLILFDQWO\+HUHZHREVHUYHGWKDWWKHLQGLYLGXDOILEULOVFDPHWRJHWKHUWR
IRUP ODUJH KLJKO\ DOLJQHG µEXQGOHV¶ ,W LV OLNHO\ WKDW WKHVH ODUJH DOPRVW PDFURPROHFXODU
VWUXFWXUHVFRQWULEXWHWRWKHRSDFLW\RIWKHILQDOK\GURJHODWWKLVFRQFHQWUDWLRQ7KLVLQFUHDVHG
EXQGOLQJFRXOGDOVREHREVHUYHGDWWKHQDQRVFDOHvia7(0ZKHUHLQFUHDVHGDOLJQPHQWLQGXFHG
WKLFNHUEXQGOHVRILQGLYLGXDOILEULOVWKURXJKRXWWKHV\VWHP)LJXUH'LQGLFDWLQJWKDWWKH
IXFRLGDQ KDG DQ HIIHFW RQ WKH LQWHUDFWLRQV EHWZHHQ WKH ILEULOV DW ERWK WKH QDQR DQG WKH
PLFURVFDOH$VLPLODUHIIHFWKDVEHHQREVHUYHGZKHUH)PRFGLSHSWLGHDVVHPEO\ZDVWULJJHUHG
viaELRFDWDO\WLFLQGXFWLRQ>@EXWWKLVLVWKHILUVWH[DPSOHZKHUHDSRO\DQLRQLFSRO\VDFFKDULGH
KDVEHHQXVHGWRDFKLHYHLQFUHDVHGVXSUDPROHFXODURUGHULQJXVLQJS+VZLWFKPHWKRG:KHQ
WKHFRQWUROVDPSOHZDVDQDO\VHGWKLQQHUILEURXVVWUXFWXUHVFRH[LVWHGZLWKVSKHULFDOVWUXFWXUHV
ZKLFKDUHSRVVLEO\IUHHIXFRLGDQPLFHOOHV$SSHQGL[,ࡳ6XSSOHPHQWDU\)LJXUH,%DVWKH
SRO\VDFFKDULGHVZHUHQRWDYDLODEOHWRLQGXFHEXQGOLQJGXULQJWKHDVVHPEO\SURFHVV

)LJXUH1DQRDQGPLFURVWUXFWXUHRIK\GURJHOVWRSSDQHO7(0DQGERWWRPSDQHO$)0$
PJP/)PRF)5*')VKRZVLQGLYLGXDOILEULOVUDQGRPO\LQWHUDFWLQJWRIRUPDPDWUL[%PJP/
VKRZVDVPDOOLQFUHDVHLQWKLFNHUEXQGOHVZKHUHLQGLYLGXDOILEULOVKDYHDOLJQHG&PJP/DQG'
PJP/IXFRLGDQVKRZDODUJHQXPEHURIWKLFNEXQGOHVDQGUHVSHFWLYHO\IHZHULQGLYLGXDOILEULOV




 6HFRQGDU\VWUXFWXUHGHWHFWLRQRIK\GURJHOV
$QXPEHURIVSHFWURVFRSLFDQDO\VHVZHUHXVHGWRGHWHUPLQHLIWKHDGGLWLRQRIWKHIXFRLGDQWR
WKHSHSWLGHV\VWHPPDLQWDLQHGWKHPROHFXODURUJDQLVDWLRQZLWKLQWKHILEULOVREVHUYHGvia7(0
DVRSSRVHGWRSURPRWLQJDGLIIHUHQWRUJDQLVDWLRQ>@)7,5ZDVXVHGWRDQDO\VHWKHYLEUDWLRQV
ZLWKLQWKHDPLGH,UHJLRQFP7KHVHDUHW\SLFDOO\XVHGWRGHWHUPLQHWKHQDWXUHRI
WKHVHFRQGDU\VWUXFWXUHIRUPHGEHWZHHQSHSWLGHVHTXHQFHV$QDO\VLVRIDOOWKHV\VWHPVUHYHDOHG
FRQVHUYHGIHDWXUHVDPDMRUSHDNDWDSSUR[LPDWHO\FPDQGDPLQRUSHDNDWFP
)LJXUH%LQGLFDWLQJWKHSUHVHQFHRIȕVKHHWVLQHDFKFDVH>@7KHLQWHUDQGLQWUDILEULOODU
H[FLWRQLF LQWHUDFWLRQV WKDW DULVH IURP WKHDVVHPEO\SURFHVVKDYHEHHQ VKRZQ WRJLYH ULVH WR
SURQRXQFHG FKLUDO VSHFWUD ZKHQ DQDO\VHG ZLWK &' >  @ )PRFSHSWLGHV DUH FKLUDO
PROHFXOHVZKLFKZKHQRUJDQLVHGWRVHOIDVVHPEOHGVWUXFWXUHVSURGXFHSURQRXQFHG&'VLJQDOV
>@&'DQDO\VLVRIWKHʌȕFODVVRIDVVHPEOHGILEULOVPDLQWDLQVFKDUDFWHULVWLFWUDQVLWLRQVRYHU
WKUHHGLVWLQFWUHJLRQV)LJXUH%7KRVHLQWKHQPUHJLRQDUHWKHUHVXOWRIDURPDWLF
)PRFRULHQWDWLQJviaʌVWDFNLQJLQDFFRUGDQFHZLWKRWKHUVLPLODUDVVHPEOLHV>@WKHDPLGH
UHJLRQRI WKH V\VWHPVKRZ WUDQVLWLRQEHORZQP WKDW LQGLFDWHV WKHSUHVHQFHRIȕVKHHWV
WKHUHE\UHLQIRUFLQJWKH)7,5GDWD>@DQGILQDOO\WKHUHJLRQEHWZHHQQPUHSUHVHQWV
EXQGOLQJ EHWZHHQ WKH ILEULOV GULYHQ E\ VXUIDFH LQWHUDFWLRQ VLJQDOV DQDORJRXV WR ODUJH
PDFURPROHFXOHV > @ ,PSRUWDQWO\ ZKHQ WKH FRQWURO ZDV SUHSDUHG WKH VSHFWUD ZDV
XQFKDQJHG IURP WKH )PRF)5*') VSHFWUD LQGLFDWLQJ WKDW WKH HIIHFW RI VXSUDPROHFXODU
EXQGOLQJRFFXUVGXULQJDVVHPEO\$SSHQGL[,ࡳ6XSSOHPHQWDU\)LJXUH,$7KHH[WHQVLYH
LQWHUDFWLRQVEHWZHHQ WKH)PRFJURXSVJLYHV ULVH WRVLJQLILFDQW IOXRUHVFHQFHHPLVVLRQV7KH
IOXRUHVFHQFH HPLVVLRQ VSHFWUD RI WKH K\GURJHOV IRUPHG DOO VKRZHG FKDUDFWHULVWLF IHDWXUHV
H[SHFWHG IURP WKLV FODVV RI PDWHULDOV )LJXUH & $ SHDN DW  QP DULVHV IURP WKH
PRQRPHULFIOXRUHQ\OPRLHWLHVDQGDEURDGSHDNFHQWUHGRQQPUHSUHVHQWVH[FLPHU
VSHFLHV>@


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

)LJXUH6SHFWURVFRSLFDQDO\VLVRISHSWLGHDVVHPEO\ZLWKLQFUHDVLQJFRQFHQWUDWLRQVRIIXFRLGDQ
$&'VSHFWUD%)7,5VSHFWUD&)OXRUHVFHQFHVSHFWUDDQG'HQODUJHPHQWRIWKHUHJLRQ
QPREVHUYHGLQ&
7KHPRQRPHULFSHDNZDVREVHUYHGWRLQFUHDVHZLWKWKHDGGLWLRQRIIXFRLGDQXSXQWLOPJP/
ZKHUHXSRQLWGHFUHDVHG7KLVLVOLNHO\GXHWRWKHVOLJKWRSDFLW\RIWKLVJHOOHDGLQJWRTXHQFKLQJ
HIIHFWV>@$VPDOOSHDNZDVREVHUYHGDWDSSUR[LPDWHO\QP)LJXUH'ZKLFK
LVDVVRFLDWHGZLWK WKHIRUPDWLRQRIDQH[WHQGHG-DJJUHJDWH >@7KLV IHDWXUH LQFUHDVHGLQ
LQWHQVLW\ LQ WKH RUGHU RI )PRF)5*') PJP/ RI IXFRLGDQ 7KLV FDQ EH
LQWHUSUHWHGDVLQFUHDVHGVXSUDPROHFXODURUGHULQJDULVLQJIURPWKHLQWHUDFWLRQVRIWKHIXFRLGDQ
ZLWKWKHILEULOODUVWUXFWXUHV>@$JDLQZKHQWKHFRQWUROZDVFRPSDUHGWKHPDJQLWXGHRIWKH
HPLVVLRQLQWKLVUHJLRQZDVVLJQLILFDQWO\OHVVLQGLFDWLQJWKDWQRVXSUDPROHFXODURUGHULQJZDV
REVHUYHGZKHQIXFRLGDQLVDGGHGSRVWDVVHPEO\$SSHQGL[,ࡳ6XSSOHPHQWDU\)LJXUH,%


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
0HFKDQLFDOSURSHUWLHVRIK\GURJHOV
/DVWO\WRH[SORUHWKHHIIHFWRQPHFKDQLFDOSURSHUWLHVWKDWDULVHGXHWRLQFUHDVHGVXSUDPROHFXODU
RUGHULQJRVFLOODWRU\UKHRORJ\ZDVSUHIRUPHG)LJXUH7KHFKDUDFWHULVWLFIUHTXHQF\VZHHSV
RIDOOIRXUK\GURJHOVVKRZHGWKDWHDFKV\VWHPIRUPVDK\GURJHOZKHUHWKHHODVWLFPRGXOL*¶
GRPLQDWHVWKHYLVFRXVPRGXOL*´RYHUDUDQJHRIIUHTXHQFLHV$VH[SHFWHGVOLJKWIUHTXHQF\

)LJXUH5KHRORJLFDOFKDUDFWHULVDWLRQRIWKHK\GURJHOV7\SLFDOIUHTXHQF\VZHHSVVKRZLQJHODVWLF
*¶DQGORVV*´PRGXOLRI$)PRF)5*')%PJP/&PJP/DQG'PJP/
GHSHQGHQFHZDVREVHUYHGDQGDWKLFNHQLQJHIIHFWRFFXUUHGDWKLJKIUHTXHQFLHVGXHWRZDWHUORVV
W\SLFDORIQRQFRYDOHQWHQWDQJOHGQHWZRUNV>@7KHK\GURJHOIRUPHGIURP)PRF)5*')
DORQHZDVZHDN*¶a3DWKLVLQFUHDVHGE\VHYHUDORUGHUVRIPDJQLWXGHWRa3DZLWK
WKHDGGLWLRQRIPJP/RIIXFRLGDQ6HSDUDWHDQDO\VLVRIWKHIXFRLGDQVROXWLRQVKRZHGWKDWLW
FRQWULEXWHGQRVLJQLILFDQWYDOXH WR WKHV\VWHPviaDVHSDUDWHJHOFRQWULEXWLRQ$SSHQGL[, ࡳ
6XSSOHPHQWDU\)LJXUH,&WKHUHIRUHWKHLQFUHDVHLQHODVWLFPRGXOXVGLUHFWO\UHVXOWVIURP




LQWHUDFWLRQVEHWZHHQWKHIXFRLGDQDQGWKHSHSWLGHILEULOV$VWKHFRQFHQWUDWLRQRIWKHIXFRLGDQ
LQFUHDVHGWKHHODVWLFPRGXOXVVWDELOLVHGDWa3D:HEHOLHYHWKDWWKLVLVGXHWRWKHLQFUHDVHG
VWUHQJWKRI WKH WKLFNHUEXQGOHVEHLQJRIIVHWE\DUHGXFWLRQLQHQWDQJOHPHQWVZKLFKUHVXOWHG
IURPWKHIRUPDWLRQRIVROLWDU\ILEULOV
 &RQFOXVLRQ
7KLVZRUN VKRZV WKDW WKH DVVHPEO\ RI )PRFSHSWLGHV FDQ EH LQIOXHQFHG E\ WKH DGGLWLRQ RI
SRO\VDFFKDULGHVSURGXFLQJFRRSHUDWLYHHIIHFWVWKDWZKLOVWQRWFRPSHWLQJZLWKWKHNLQHWLFDOO\
VWDEOHLQGLYLGXDOILEULOVOHDGWRPDUNHGO\GLIIHUHQWRUGHULQJRIWKHUHVXOWDQWVWUXFWXUHV7KLVLV
WKHILUVWH[DPSOHRIXVLQJDSRO\VDFFKDULGHDWURRPWHPSHUDWXUHDQGDWSK\VLRORJLFDOS+DQG
LRQLFVWUHQJWK WRPRGLI\ WKHDOLJQPHQWDQGPHFKDQLFDOSURSHUWLHVRI WKHUHVXOWDQWPDWUL[ ,Q
DGGLWLRQLWVKRZVWKDWE\XVLQJWKHS+VZLWFKPHWKRGVLPLODUHIIHFWVFDQEHDFKLHYHGDVWKRVH
SURGXFHGXVLQJHQ]\PHV7KHUHIRUHWKHS+VZLWFKPHWKRGUHSUHVHQWVDVLPSOHUURXWHWRDFFHVV
WKHVH ILQDO VWUXFWXUHV ZLWKRXW KDYLQJ DQ\ SRWHQWLDOO\ XQZDQWHG UHVLGXDO ELRFDWDO\VWV XSRQ
DSSOLFDWLRQ :H EHOLHYH WKDW WKHVH DSSURDFKHV ZLOO DOVR DOORZ WKH IDFLOH SURGXFWLRQ RI
QDQRVWUXFWXUHGPXOWLFRPSRQHQWELRPHGLFDOPDWHULDOVLQSDUWLFXODUIRUWKHLQFRUSRUDWLRQDQG
SUHVHQWDWLRQRIRWKHUELRORJLFDOO\IXQFWLRQDOPDFURPROHFXOHV


 


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
&KDSWHU &R$VVHPEOHG3RO\VDFFKDULGH3HSWLGH
6FDIIROG6HOHFWLYHO\,QGXFHV$SRSWRVLVLQ(SLWKHOLDO
&DQFHU&HOOV

&RQWULEXWLRQRIWKHFDQGLGDWH˖
,PDGHWKHSHSWLGHDQGK\GURJHOV,GLG$)07(0)7,5&'UKHRORJ\H[SHULPHQW'6&
DQGWRRNSDUWLQFHOOFXOWXUHZRUN

 


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
Publications relevant to this chapter: 
5XL/L6LYDSUL\D3DYXOXUL.LDUD%UXJJHPDQ%HQMDPLQ0/RQJ$QGUHZ-3DUQHOO$QQH
0DUWHO6WHYHQ53DUQHOO)UHGHULFN03IHIIHU$QGUHZ-&'HQQLVRQ.HYLQ51LFKRODV
&ROLQ - %DUURZ 'DYLG 5 1LVEHW 5LFKDUG - :LOOLDPV &RDVVHPEOHG QDQRVWUXFWXUHG
ELRVFDIIROG UHGXFHV WKH H[SUHVVLRQ RI SURLQIODPPDWRU\ F\WRNLQHV WR LQGXFH DSRSWRVLV LQ
HSLWKHOLDOFDQFHUFHOOVNanomedicine: Nanotechnology, Biology, and Medicine. 
5HSURGXFHGZLWKSHUPLVVLRQIURP6FLHQFH'LUHFW

Present at: 
-XQH3HSWLGH8VHUV*URXS:LQWHU6\PSRVLXP0HOERXUQH9,&2UDOSUHVHQWDWLRQ
$SULOWK$QQXDO&RQIHUHQFHRIWKH$XVWUDODVLDQ6RFLHW\IRU%LRPDWHULDOVDQG7LVVXH
(QJLQHHULQJ$6%7(6\GQH\16:$XVWUDOLD2UDOSUHVHQWDWLRQ
$EVWUDFW
7KHORFDOLQIODPPDWRU\HQYLURQPHQWRIFHOOVPHGLDWHVPDQ\FDQFHUSURFHVVHVDQGHQFRXUDJHV
WXPRXUJHQHVLV 7KHUHIRUH GHVLJQHG ELRVFDIIROGV WKDW UHFDSLWXODWH WKH KHDOWK\ HQYLURQPHQW
ZKLOVW UHGXFLQJ WKH LQIODPPDWRU\ UHVSRQVH LQ D QRQVWHURLGDO IDVKLRQ FDQ HIIHFWLYHO\ NLOO
PDOLJQDQW FHOOVZKLOVW SURYLGLQJ D EHQLJQ HQYLURQPHQW IRU KHDOWK\ FHOOV7R DFKLHYH WKLV D
QXPEHURIELRDFWLYHFRPSRQHQWVPXVWEHSURYLGHGLQDVLQJOHZHOORUGHUHGDQGVWDEOHVFDIIROG
:HWKHUHIRUHXVHGDIXQFWLRQDOLVHGVHOIDVVHPEOHG)PRFSHSWLGHK\GURJHOVFDIIROGWRGLVWULEXWH
DQRWKHUZLVHKLJKO\VROXEOHDQWLLQIODPPDWRU\SRO\VDFFKDULGHIXFRLGDQZLWKLQLWVQDQRILEULOODU
PDWUL[7KURXJKFRQWURORI WKHDVVHPEO\SURFHVVZHVKRZKRZWKH IXFRLGDQPROHFXOHVDUH
LQFRUSRUDWHGLQWHUDFWLQJFORVHO\ZLWKWKHVXUIDFHRIWKHPDWUL[WKDWXQGHUSLQVDQHDVLO\KDQGOHG
K\GURJHO:HWKHQVKRZWKDWWKLVPDWHULDOLVQRQWR[LFELRFRPSDWLEOHDQGDOORZVWKHFXOWXUHRI
KHDOWK\FHOOVin vitro\HWLQGXFHVFRQWUROOHGDSRSWRVLVLQRUDOFDQFHUFHOOV,QYHVWLJDWLQJWKLV
SURFHVVZHGHPRQVWUDWHWKURXJKSURWHLQDQGJHQHH[SUHVVLRQWKDWWKHPXOWLFRPSRQHQWVFDIIROG
VLJQLILFDQWO\ GRZQ UHJXODWHV WKH SURGXFWLRQ RI SURLQIODPPDWRU\ F\WRNLQHV DQ HDUO\ DQG
QHFHVVDU\ HYHQW IRU HSLWKHOLDO FDQFHU SURJUHVVLRQ DQG LQWHUUXSWV WKH F\WRNLQHWLF SDWKZD\


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
UHVXOWLQJLQWKHREVHUYHGFRQWUROOHGDSRSWRVLVRIWKHFDQFHUFHOOV6XFKDPDWHULDOZLOOWKHUHIRUH
KDYHDSSOLFDWLRQDVDQDQWLWXPRUDOILOOHURUDWRSLFDOWUHDWPHQWDQGSURYLGHVDEDVLVIRUWKH
SUHVHQWDWLRQRIRWKHUELRDFWLYHPROHFXOHVLQDVLPSOH\HWHIIHFWLYHPDQQHU
 ,QWURGXFWLRQ
,W LV D UDSLGO\ JURZLQJ UHVHDUFK DUHD WKDW XVHV HQJLQHHUHG QDQRVWUXFWXUHGPDWHULDOV IRU WKH
WUHDWPHQWRIPDOLJQDQWWXPRXUV>@$SURPLVLQJPHWKRGHPSOR\VPDWHULDOVWKDWFDQ
UHPRGHOWKHUHJLRQDOWXPRXUHQYLURQPHQWWKURXJKUHGXFLQJWKHLQIODPPDWRU\UHVSRQVH>@
ZKLOVWSURYLGLQJDQ(&0PLPLFU\WRSURPRWHUHJHQHUDWLRQ>@,WKDVEHHQZHOOHVWDEOLVKHG
RIWKHUHODWLRQVKLSEHWZHHQWKHLQIODPPDWRU\UHVSRQVHDQGWKHSURPRWLRQRIFDQFHUVHVSHFLDOO\
LQHQGRWKHOLDOFDQFHUVVXFKDVRUDOSDQFUHDWLFDQGFRORQ>@5HVHDUFKKDVVKRZQWKDWFKURQLF
LQIODPPDWLRQ LV D UHPDUNDEOH FDXVDWLYH IDFWRU IRU WKHVH FDQFHUV VHYHUDO VWXGLHV XVHG
QRQVWHURLGDODQWLLQIODPPDWRU\GUXJVIRUFDQFHUSUHYHQWLRQ>@7KHUHIRUHDWKHUDSHXWLF
RSSRUWXQLW\GHSHQGVRQHQJLQHHULQJDELRFRPSDWLEOH(&0PLPLFWKDWFDQREWDLQDVSDWLDOO\
FRQILQHGVXVWDLQHGQRQVWHURLGDODQGVHOHFWLYHVXSSUHVVLRQRIWKHLPPXQHV\VWHP>@
7KLVDSSURDFKLVEHQHILFLDOWRDVHULHVRIFDQFHUWUHDWPHQWVDQGFDQRIIHUDQDQWLWXPRUDOYRLG
ILOOLQJVXSSRUWIRUWKHVXUURXQGLQJKHDOWK\WLVVXHDIWHUVXUJLFDOH[FLVLRQRUDORFDOWUHDWPHQWRQ
WKHVXUIDFHRIDQLQMXU\>@$YDULHW\RIH[DPSOHVDULVHIURPQDWXUDOFRPSOH[KLHUDUFKLFDO
(&0VWUXFWXUHVIRUPHGE\WKHVHOIDVVHPEO\RIGLYHUVHFHOOXODUO\VHFUHWHGVPDOOPROHFXOHV
SURYLGLQJ VWUXFWXUDO DQG IXQFWLRQDO VXSSRUW LQ OLYLQJ V\VWHPV >@ 3DUWLFXODUO\
SRO\VDFFKDULGHVDQGILEULOODUSURWHLQVVHOIRUJDQLVHWRIRUPQHWZRUNVWKDWERRVWPXOWLFHOOXODU
V\VWHPVDQGFRPPXQLFDWHZLWKWKHLUVXUURXQGLQJPLOLHXWKURXJKILEURXVFHOOXODULQWHUDFWLRQV
>@)XFRLGDQVDIDPLO\RIVXOIRQDWHGSRO\VDFFKDULGHVKDYHJDLQHGLQFUHDVLQJDWWHQWLRQIRU
WKHLULQWULQVLFELRFRPSDWLELOLW\DQGDQWLLQIODPPDWRU\FKDUDFWHULVWLFVERWKin vitro DQGin vivo 
>@,PSRUWDQWO\LWKDVEHHQVKRZQWKDWIXFRLGDQVKDYHWKHDQWLPLWRJHQLFSURSHUWLHVDV


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
WKH\SURKLELWFHOOF\FOHSURJUHVVLRQ>@OHDGWRDSRSWRVLVDQGGHFUHDVHWXPRULJHQLFLW\
LQVHYHUDOFDQFHUFHOOOLQHV>@+RZHYHUWKHDSSOLFDWLRQRIWKHVHELRPDWHULDOVDVDWKHUDSHXWLF
DSSURDFKLVOLPLWHGEHFDXVHWKHVHSRO\VDFFKDULGHPROHFXOHVDUHGLVVROYHGHDVLO\FRQVWUDLQLQJ
WKHLUVXVWDLQHGIXQFWLRQDOLW\RQO\LIVHDOHGLQDQH[WHUQDOFDUULHU>@RUFRDWHGRQD'VXUIDFH
>@7KHUHIRUHWKHLQFHQWLYHRIWKLVZRUNLVWRSURYLGHFRQVWUDLQHGIXFRLGDQRQWKHVXUIDFHRI
D'(&0PLPLFVFDIIROG

+\GURJHOVGHULYHG IURPELRLQVSLUHGV\QWKHWLFRUJDQLFPROHFXOHVNQRZQDV6$3VDUHKLJKO\
VXLWHG IRU WKH UHJHQHUDWLRQRIQDWXUDO(&0DV WKH\FDQ IRUPQDQRILEURXVVFDIIROGV WKDWDUH
DQDORJRXVWRQDWLYH(&0>@DQGDUHELRDYDLODEOHERWKin vitro >@ DQGin vivo >@
GXHWRWKHLQFRUSRUDWLRQRIELRDFWLYHSHSWLGHVHTXHQFHVLQWKH6$3GXULQJV\QWKHVLV. 7KH6$3
K\GURJHO IRUPDWLRQ LV D WKHUPRG\QDPLF SURFHVV >@ FRQWURO RYHU WKH RUJDQLVDWLRQ RI WKH
VWUXFWXUHV LVDFKLHYHG WKURXJKFDUHIXOGHVLJQRIDVVHPEO\FRQGLWLRQV VXFKDVFRQWURORI WKH
PROHFXOH¶VVSHFLILFS.D>@ELRFDWDO\VLV>@RUWKHUDWHRIDVVHPEO\>@7KHHDV\FRQWURO
RIWKHILQDOVWUXFWXUHVVKRZVWKDW6$3VFDIIROGVDUHH[FHOOHQWFDQGLGDWHVIRUDSSOLFDWLRQVin vitro
DQGin vivo6$3VKDYHEHHQVKRZQWRKDYHPXOWLFRPSRQHQWIXQFWLRQDOLW\DQGWKHNH\SRLQWWR
VXFKDSSOLFDWLRQVLV WKDW WKH\FDQLQFRUSRUDWHODUJHUPROHFXOHVVXFKDVSURWHLQV>@RUGUXJV
>@DVWKHQRQFRYDOHQWIRUFHVWKDWGULYHQWKHLUVHOIDVVHPEO\HQGRZLQJWKHPDQH[FHOOHQW
FDQGLGDWHIRU WKHLPPRELOLVDWLRQDQGIXQFWLRQDOSUHVHQWDWLRQRI WKHRWKHUZLVHKLJKO\VROXEOH
IXFRLGDQSRO\VDFFKDULGHWREHLQFOXGHGLQWRWKHVHOIDVVHPEOHGPDWUL[

+HUH IRU WKH ILUVW WLPH ZH SUHVHQW WKH UDWLRQDO GHVLJQ DQG FKDUDFWHULVDWLRQ RI D QRYHO
PXOWLFRPSRQHQW VFDIIROG WKDW LQFOXGHV WKH DQWLLQIODPPDWRU\ PDFURPROHFXOH IXFRLGDQ LQ D
VWDEOHDQGIXQFWLRQDOIDVKLRQviaLWVLQWHUDFWLRQZLWKWKH6$3ILEULOVWKDWPDNHXSDQDQRVFDOH
K\GURJHOVFDIIROG)LJXUH:HYHULI\WKHELRFRPSDWLELOLW\RIWKLVPXOWLFRPSRQHQWPDWHULDO




DQG VKRZ LWV SRWHQWLDO DV DQ DQWLLQIODPPDWRU\ FDQFHU WKHUDSHXWLF WUHDWPHQW E\ VHOHFWLYHO\
LQGXFLQJDSRSWRVLVLQRUDOFDQFHUFHOOVZKLOVWPDLQWDLQLQJWKHYLDELOLW\RIKHDOWK\FHOOV

)LJXUH'LDJUDPPDWLFUHSUHVHQWDWLRQRI WKH6$3IXFRLGDQK\GURJHO V\VWHPDQGWKHFHOOXODU
UHVSRQVH$6WUXFWXUHRI)PRF)5*')%&DUWRRQVFKHPDWLFVKRZLQJWKHʌVWDFNLQJRI)PRFDQG
WKHLQWHUDFWLRQVRIWKHSHSWLGHZKLFKGULYHLWVDVVHPEO\WRILEULOVWKDWLQWHUWZLQHWRIRUPDVFDIIROG&
6WUXFWXUH RI D IXFRLGDQ VXEXQLW '&RDVVHPEO\ UHVXOWV LQ DQ LQWHUDFWLRQ RI IXFRLGDQZLWK ILEULOV
UHVXOWLQJLQWKHSUHVHQWDWLRQRIWKHPROHFXOHRYHUWKHVXUIDFHRIWKHVFDIIROG(7KHDGGLWLRQRIIXFRLGDQ
SRVWDVVHPEO\KRZHYHUGRHVQRWSURGXFHDVXUIDFHGHFRUDWHGVWUXFWXUHLQVWHDGLWUHVXOWVLQWKHIRUPDWLRQ
RIVHSDUDWHGLVRUGHUHGIXFRLGDQDJJUHJDWHV)&DUWRRQVKRZLQJWKHFXOWXUHRI6&&FDQFHUFHOOVLQ
WKHVFDIIROGDOORZLQJWKHIXFRLGDQWRLQWHUDFWZLWKWKHFHOOV,QVHWVKRZVWKHOLSRSRO\VDFFKDULGH/36
PHGLDWHG LQIODPPDWRU\ SDWKZD\ ZKHUH WKH VWXGLHG SDWKZD\V DFWLYDWHG E\ /36 LQGXFLQJ WKH
SURLQIODPPDWRU\UHVSRQVHZKLFKLQWXUQLQFUHDVHVF\WRNLQHVLVOHDGLQJWRWKHSURJUHVVLRQRIWKHWXPRXU




 5HVXOWVDQG'LVFXVVLRQ
 7ZRFRPSRQHQWK\GURJHOIRUPDWLRQDQGDVVHVVPHQWRIK\GURJHO¶VL
ELRFRPSDWLELOLW\DQGLLLPSDFWRQRUDOFDQFHUFHOOV
$QDGMXYDQW WLVVXHHQJLQHHULQJVFDIIROGPXVWEHELRFRPSDWLEOHDQGSURYLGHDQH[WUDFHOOXODU
PLOLHXWKDWLVDQDORJRXVWRWKHQDWXUDO(&07KHUHIRUHZHVWLOOXVHWKHVFDIIROGIRUPHGIURP
)PRF)5*'))LJXUHDVLWKDVVKRZQLWVELRFRPSDWLELOLW\LQRXUSUHYLRXVUHVHDUFK)PRF
)5*')ZDVV\QWKHVLVHGXVLQJWKHVDPHVWDQGDUGVROLGSKDVH)PRFSHSWLGHV\QWKHVLVPHWKRG
WR\LHOGDZKLWHFU\VWDOOLQHSRZGHUDQGZDVFRQILUPHGFKDUDFWHULVHGDQGIXOO\DVVLJQHGXVLQJ
+&QXFOHDUPDJQHWLFUHVRQDQFHVSHFWURVFRS\)XFRLGDQLVDUHDGLO\VROXELOLVHGSRZGHUZLWK
VLPLODU FRQVLVWHQF\ %RWK SRZGHUV ZHUH PL[HG DQG VHOIDVVHPEO\ ZDV WULJJHUHG XVLQJ WKH
SUHYLRXVPHQWLRQHGS+VZLWFKPHWKRG7KHK\GURJHOZDVIRUPHGZLWKDILQDOFRQFHQWUDWLRQRI
PJP/)PRF)5*')DQGPJP/IXFRLGDQLQ'0(0%RWKIRUPHGRSWLFDOO\FOHDUVWDEOH
K\GURJHOVZKHQFRPSDUHGWRDSXUH)PRF)5*')K\GURJHO$SSHQGL[,ࡳ6XSSOHPHQWDU\
)LJXUH,D

,QRUGHUWRHYDOXDWHWKHHIIHFWLYHQHVVRIWKHLQFOXVLRQRIIXFRLGDQDVDQDQWLFDQFHUDGMXYDQW
ZLWKLQ WKH VFDIIROG ' FHOO FXOWXUHV ZHUH SHUIRUPHG RI WKH PRGHUDWHO\ GLIIHUHQWLDWHG RUDO
WRQJXHVTXDPRXVFHOOFDUFLQRPDOLQH6&&>@7RHQVXUHWKHPDWHULDOZDVELRFRPSDWLEOH
ZLWKQRUPDOFHOOSKHQRW\SHVK0)&VZHUHDOVRFXOWXUHGRQWKH6$3K\GURJHOV&HOOYLDELOLW\
DVVD\ZDVSHUIRUPHGRQWKHK\GURJHORI)PRF)5*')5*'DQGK\GURJHOFRDVVHPEOHG
ZLWKPJP/RIIXFRLGDQ5*'ZDVWHVWHGXVLQJDQ076DVVD\IRUK)LJXUH$7KH
K0)& FHOOV VKRZHG SHUVLVWHQW HTXDOO\ KLJK YLDELOLW\ RQ ERWK 5*' DQG 5*' K\GURJHOV
ZKLFKLQGLFDWHGWKDWWKHLQFOXVLRQRIIXFRLGDQGLGQRWQHJDWLYHO\DIIHFWWKHELRFRPSDWLELOLW\DQG
F\WRWR[LFLW\RIWKH6$3PDWUL[+RZHYHUWKHUHZDVDVLJQLILFDQWUHGXFWLRQLQFHOOYLDELOLW\RQ




WKH5*'K\GURJHODVRSSRVHGWRWKH5*'ZKHQ6&&FHOOVZHUHFXOWXUHG)LJXUH$
$OLYHGHDGVWDLQLQJSHUIRUPHGDWKWRREVHUYHFHOOGHDWKPLGF\FOHVKRZHGKLJKQXPEHUV
RI GHDG 6&& FHOOV HYHQO\ GLVWULEXWHG WKURXJKRXW WKHPDWHULDO )LJXUH %$QQH[LQ9
VWDLQLQJZDVSHUIRUPHGLQRUGHUWRYHULI\WKDWWKHPHFKDQLVPZDVFRQWUROOHGDSRSWRVLVUDWKHU
WKDQQHFURVLV6&&FHOOVZHUHFXOWXUHGIRUKSULRUWRVWDLQLQJZLWK$QQH[LQ9SURSLGLXP
LRGLGHDQG+RHFKVWVWDLQWRREVHUYHFHOOGHDWKPLGF\FOH:KLOVWLQWKH5*'K\GURJHOQRFHOOV
ZHUHDSRSWRWLFWKHUHVXOWVUHYHDOHGWKDWPRVWRIFHOOVFXOWXUHGRQWKH5*'K\GURJHOVZHUHLQ
DODWHDSRSWRWLFSKDVHZLWKRQO\DIHZFHOOVIRXQGWREHLQWKHHDUO\DSRSWRWLFSKDVH)LJXUH
&'

)LJXUH%LRFRPSDWLELOLW\DQGWKHHIIHFWRIWKHPDWHULDORQ&DQFHU6&&DQGKHDOWK\K0)&
FHOOIDWH$7KH076DVVD\VKRZVWKHUHODWLYHYLDELOLWLHVRIWKHFHOOVRQHDFKVFDIIROGRYHUWKUHHGD\V
6&&FHOOVZHUHVHHGHGRQWKH)PRF)5*')K\GURJHO5*'DQGPJP/IXFRLGDQ5*'DQG
LQFXEDWHGIRUGD\V%/LYHGHDGVWDLQLQJVKRZVWKHGLVWULEXWLRQRI6&&FHOOVRQGD\RQHDFK
K\GURJHO&DOFHLQ$0VWDLQLQJZDVSHUIRUPHGWRLGHQWLI\OLYHFHOOVJUHHQDQGSURSLGLXPLRGLGHZDV
XVHGWRLGHQWLI\GHDGFHOOVUHG,PDJHVZHUHREWDLQHGXVLQJIOXRUHVFHQWPLFURVFRS\1LNRQ(FOLSVH7L
6WDNHQDWîPDJQLILFDWLRQ&DQG'$SRSWRVLVRI6&&DWDQGK,QRUGHUWRGHWHUPLQH
WKHPRGHRIFHOOGHDWKLQWKH6&&FHOOVZHVWDLQHGWKHFHOOVXVLQJ$QQH[LQ9JUHHQSURSLGLXP
LRGLGHUHGDQG+RHFKVWG\HEOXH/LYHFHOOVDUHLGHQWLILHGE\DQXFOHXVVWDLQHGRQO\ZLWK+RHFKVW
G\H DQG DSSHDU RQO\ EOXH (DUO\ DSRSWRWLF FHOOV ZHUH VWDLQHG JUHHQZLWK QXFOHXV EOXH DQG WKH ODWH
DSRSWRWLFFHOOVVWDLQHGLQJUHHQZLWKDUHGQXFOHXV,PDJHVZHUHFDSWXUHGDWîPDJQLILFDWLRQ




 $QDO\VLVRIWKHWZRFRPSRQHQWVHOIDVVHPEO\
,WLVFOHDUWKDWWKHIXFRLGDQZLWKLQWKHPDWHULDOFRQWULEXWHVWRWKHGHFUHDVHRIWKHFDQFHUFHOO
QXPEHUDQGVRZHVWDUWHG WRH[SORUH WKHPHFKDQLVPE\ZKLFKLWZDVGLVWULEXWHGZLWKLQ WKH
K\GURJHO7KHRUHWLFDOO\WKHPDWHULDOZRXOGUHWDLQWKHIXQFWLRQDOQDQRVWUXFWXUHVIRUPHGE\WKH
)PRF6$3DORQH5HFHQWO\WKHVXSUDPROHFXODURUGHULQJRIVHOIDVVHPEOHGVWUXFWXUHVKDVEHHQ
IRXQG WR EH VLJQLILFDQWO\ FKDQJHG ZKHQ DVVHPEOHG LQ WKH SUHVHQFH RI ELRORJLFDO
PDFURPROHFXOHVVXFKDVSURWHLQVSUHVHQWLQVHUXP>@DQGWKHF\WRVRO>@RUZKHQWZRRU
PRUH FRPSOHPHQWDU\ PROHFXOHV DUH FRDVVHPEOHG >@ $V D UHVXOW WR GHWHUPLQH WKH
FRQWULEXWLRQRIIXFRLGDQWRWKHDVVHPEO\SURFHVVRIWKLV6$3ZHSUHSDUHGIRXUVDPSOHV
)PRF)5*') D K\GURJHO IRUPHG E\ WKH S+ LQLWLDWHG DVVHPEO\ DW D FRQFHQWUDWLRQ RI 
PJP/&R$VVHPEO\PJP/)PRF)5*')SRZGHUDQGPJP/IXFRLGDQSRZGHU
ZHUHPL[HGEHIRUHDSSO\LQJWKHS+VZLWFKPHWKRG3RVW$VVHPEO\DSUHIRUPHG)PRF
)5*')K\GURJHOZLWKDVROXWLRQRIIXFRLGDQDGGHGKSRVWDVVHPEO\E\PL[LQJWRWKHVDPH
ILQDOFRQFHQWUDWLRQDVFRDVVHPEO\V\VWHPDQG)XFRLGDQPJP/VROXWLRQRIIXFRLGDQ
8QVXUSULVLQJO\ VDPSOHV  IRUPHG VHOIVXSSRUWLQJ K\GURJHOV ZKLOH VDPSOH  UHPDLQHG D
VROXWLRQ

7KH QDQR DQG PLFURVWUXFWXUHV ZHUH YLVXDOLVHG XVLQJ 7(0 DQG $)0 IRU HDFK VDPSOH
UHVSHFWLYHO\ )LJXUH  $V H[SHFWHG WKH )PRF)5*') IRUPHG D VHULHV RI ZHOORUGHUHG
EXQGOHVRIVWULDWHGQDQRILEULOVXQGHUSLQQLQJDILEULOODUPDWUL[)LJXUH$(ZKLFKZHUH
VLPLODUWRWKRVHIRXQGLQWKHFRDVVHPEOHGVDPSOHDOWKRXJKDPRUHSURQRXQFHGEXQGOLQJRI
ILEULOVZDVREVHUYHG)LJXUH%):KLOHZKHQWKHVROXWLRQRIIXFRLGDQZDVH[DPLQHGWKH
UHVXOW VKRZHG WKH IRUPDWLRQRIDQXPEHURIVSKHULFDO VWUXFWXUHVZLWKDGLDPHWHURIaQP
)LJXUH & * )LQDOO\ IRU WKH SRVWDVVHPEOHG K\GURJHO D PL[WXUH RI VWUXFWXUHV ZDV




REVHUYHGZKHUHVSKHULFDOVWUXFWXUHVVLPLODUWRWKRVHREVHUYHGLQWKHIXFRLGDQZHUHGLVWULEXWHG
DWKLJKGHQVLW\RYHUWKHILEULOODUQHWZRUNDWERWKWKHQDQRDQGPLFURVFDOHV)LJXUH'+

)LJXUH7KHXQGHUSLQQLQJVWUXFWXUHDQGRUJDQLVDWLRQRIWKHVFDIIROG$)0PLFURVFRS\VKRZV
WKHVWUXFWXUHVIRUPHGE\$)PRF)5*')%FRDVVHPEOHGZLWKPJP/IXFRLGDQ&DVROXWLRQ
RI IXFRLGDQ 'SRVWDGGLWLRQRI IXFRLGDQ ()HTXLYDOHQWviaQHJDWLYHO\ VWDLQHG7(0 *6KRZV
DJJUHJDWHV RI IXFRLGDQ ZKLFK DUH VLPLODU WR VWUXFWXUHV YLVLEOH LQ SRVW DGGLWLRQ + EXW QRW LQ FR
DVVHPEO\),)7,5VKRZVFRQVHUYHGȕVKHHWIRUPDWLRQ)XFRLGDQVROXWLRQVKRZVQRRYHUDOOVWUXFWXUH
-&'VKRZVLQFUHDVHGVXSUDPROHFXODURUGHULQJRI)PRF)5'*)ZKHQFRDVVHPEOHG7KHWUDQVLWLRQV
FKDUDFWHULVWLFWRWKLVFODVVRIDVVHPEO\DUHPDLQWDLQHGDFURVVDOOWKH6$3FRQWDLQLQJVDPSOHVLQGLFDWLQJ
WKHVDPHFKLUDOVWUXFWXUHGRPLQDWHV&RDVVHPEO\LQFUHDVHVWKHPDJQLWXGHRIWKHWUDQVLWLRQVLQGLFDWLQJ
DQ LQFUHDVH LQ VXSUDPROHFXODU RUGHULQJ ZKHUHDV SRVWDVVHPEO\ GLVUXSWV VWUXFWXUH 7KH VROXWLRQ RI
IXFRLGDQ KDV QR RYHUULGLQJ FKLUDO VLJQDO . 105 DQDO\VLV VKRZV WKDW XSRQ DVVHPEO\ )PRF LV
FRPSOHWHO\UHPRYHGIURPVROXWLRQDQGWKH1WHUPLQDOi.e.FORVHWVWR)PRF3KHLVSDUWLDOO\UHPRYHG
IURPVROXWLRQDVWKHDVVHPEO\IRUPVLQGLFDWLQJWKDWWKH5*')SRUWLRQLVVWLOOLQVROXWLRQDQGSUHVHQWHG
RQWKHVXUIDFHRIWKHDVVHPEOLHV/$QDO\VLVRI6$16XVLQJERWKDIOH[LEOHF\OLQGHUPRGHODQGPRGHO
LQGHSHQGHQW.UDWN\DQDO\VLVLQVHWRIWKHGDWDVKRZDUHGXFWLRQLQWKHILEULOUDGLXVZKHQFRDVVHPEOHG
ZLWKIXFRLGDQ3ORWVDUHRIIVHWIRUFODULW\




7RGHWHUPLQHLIWKHPROHFXODUSDFNLQJRIWKH)PRF6$3ZLWKLQWKHILEULOVZDVDIIHFWHGE\WKH
DGGLWLRQ RI IXFRLGDQ YDULRXV VSHFWURVFRSLF DQDO\VHV ZHUH SHUIRUPHG DV FRDVVHPEOLHV LQ
JHQHUDOKDYHEHHQGHPRQVWUDWHGWRSURPRWHLQFRQVLVWHQWDOWHUQDWLYHRUJDQLVDWLRQDOVWUXFWXUHV
>@%RWKV\VWHPVZHUHDQDO\VHGvia)7,5WRFRQILUPWKDWWKHSHSWLGHOLNHRUJDQLVDWLRQ
ZDVQRWGLVUXSWHG7KHVSHFWUDFRQILUPHG WKDW WKHDGGLWLRQRI IXFRLGDQGXULQJ WKHDVVHPEO\
SURFHVVGLGQRWDIIHFWWKHPROHFXODUSDFNLQJRIWKHSHSWLGHVVHOIDVVHPEO\DQGWKHȕVKHHWVDUH
VWLOO WKH GULYLQJ IRUFH RI WKHVH DVVHPEOLHV DQG LQGXFH SHDNV DW a FP DQGa FP
)LJXUH , >@ 7KH FKLUDO RUJDQLVDWLRQ RI WKH VWUXFWXUHV ZLWKLQ WKH VDPSOHV ZHUH WKHQ
DQDO\VHGXVLQJ&'>@&KDUDFWHULVWLFWUDQVLWLRQVZHUHREVHUYHGLQWKHUHJLRQEHWZHHQ
QP WKLV WUDQVLWLRQKDVEHHQ VKRZQ WR UHSUHVHQWEXQGOLQJEHWZHHQ WKH ILEULOV GULYHQE\
VXSUDPROHFXODU LQWHUDFWLRQV VLPLODU WR ODUJH PDFURPROHFXOHV )LJXUH - > @
,PSRUWDQWO\ZKHQWKHFRDVVHPEOHGPDWHULDOZDVFRPSDUHGWR)PRF)5*')WKHZDYHOHQJWK
RIWKHWUDQVLWLRQVZLWKLQWKHVSHFWUDZDVXQFKDQJHGEXWWKHPDJQLWXGHZDVLQFUHDVHGLQGLFDWLQJ
WKH DGGLWLRQ RI IXFRLGDQ LQGXFHG LQFUHDVHG ORQJLWXGLQDO RUGHULQJ >@ &RQYHUVHO\ WKH
PDJQLWXGHRIWKHWUDQVLWLRQVZDVGLPLQLVKHGLQWKHSRVWDVVHPEOHGVDPSOHSRVVLEO\DVDUHVXOW
RIGLVUXSWLRQVDULVLQJIURPWKHPL[LQJSURFHVVDQGSRWHQWLDOO\WKHXQERXQGIXFRLGDQIRUPLQJ
DJJUHJDWHVLQFUHDVLQJVFDWWHULQJLQWKHIDU89
 ,QWHUDFWLRQRIIXFRLGDQDQGWKH6$3ILEULOV
:H K\SRWKHVLVHG WKDW WKH IXFRLGDQ LQ WKH FRDVVHPEOHG VDPSOH ZDV LQFRUSRUDWHG LQWR WKH
ILEULOODUQHWZRUNWKURXJKLQWHUDFWLRQVZLWKWKHILEULOV7RORRNDWWKHDYDLODELOLW\RIWKHSHSWLGH
VHTXHQFHRQWKHVXUIDFHRIWKHILEULOV+105VSHFWURVFRS\ZDVXVHGIRUWKHDQDO\VLV$IWHU
VROXELOLVLQJWKHSHSWLGHXVLQJ1D2+S+ +105VKRZHGDFOHDQVSHFWUDZLWKQDUURZ
OLQHZLGWKV+RZHYHUWKHUHVRQDQFHVUHODWHGZLWKWKH)PRFJURXSDQGWKHILIWKSKHQ\ODODQLQH
UHVLGXH)VLJQLILFDQWO\EURDGHQHGDQGZHUHLQYLVLEOHLQWKH+105VSHFWUD)LJXUH.




XSRQJHODWLRQVXJJHVWLQJUHVWULFWHGPRYHPHQWDWWKLVUHJLRQRIWKHSHSWLGHLQDJUHHPHQWZLWK
WKHʌȕDVVHPEO\PHFKDQLVP>@+RZHYHUWKHG\QDPLFPRWLRQRIWKH5*')±2+SRUWLRQRI
WKHSHSWLGHLVUHWDLQHGLQWKHILEULOVDQGOHGWRQDUURZOLQHZLGWKVIRUWKLVSDUWRIWKHSHSWLGH%\
LQWHJUDWLQJ+105UHVRQDQFHVLWZDVFRQFOXGHGWKDWRIWKH5*'SRUWLRQRIWKHSHSWLGH
ZDV DYDLODEOH LQ VROXWLRQ DQG WKHUHIRUH DYDLODEOH IRU LQWHUDFWLRQ:H WKHQHPSOR\HG6$16
DQDO\VLV WR ORRNDW WKHHIIHFWRI WKLV LQWHUDFWLRQRQ WKHILEULOPRUSKRORJ\6$16DQDO\VLVRI
FRPSOHWHO\ K\GUDWHG )PRF)5*') K\GURJHOV DQG WKH FRDVVHPEOHG V\VWHPV ZHUH XVHG WR
H[SORUHWKHQDQRVWUXFWXUHVin situ DQGWRLGHQWLI\WKHHIIHFWRIWKHDGGLWLRQRIIXFRLGDQRQILEULO
UDGLXV7KHPHDVXUHPHQWZDVVKRZHGWREHLQVHQVLWLYHWRDYHUDJHILEULOOHQJWKGXHWR6$16
FDQQRWGLIIHUHQWLDWHIHDWXUHVODUJHUWKDQDSSUR[LPDWHO\QPXQGHUWKHVHFRQGLWLRQV$V6$16
LVVHQVLWLYHWRDOOVWUXFWXUHVZLWKHQRXJKFRQWUDVWDFRQWUROPHDVXUHPHQWVRIPJP/IXFRLGDQ
DORQHZDV DOVR SHUIRUPHG ZKLFK LQ '2 DQGZDV IRXQG WR SURYLGH FRQGLWLRQV IRU
QHJOLJLEOHVFDWWHULQJIURPIXFRLGDQ,QDOOWKHVDPSOHVKHUHZHXVHGWKHVHFRQGLWLRQVWRREVHUYH
RQO\WKHVFDWWHULQJIURPWKHILEULOVDVZKLFKIURPIXFRLGDQFRXOGFRPSOLFDWHWKHDQDO\VLV%\
HPSOR\LQJWKLVPHWKRG WKHGLIIHUHQFHV LQ WKHVFDWWHULQJEHWZHHQ)PRF)5*')DQGWKHFR
DVVHPEOHGV\VWHPFRXOGEHREVHUYHG)LJXUH/%RWKDPRGHOLQGHSHQGHQWDSSURDFKDQG
DIOH[LEOHF\OLQGHUPRGHOLQWKH6$6YLHZSDFNDJHZHUHXVHGWRDQDO\VHWKHVFDWWHULQJGDWD7KH
PRGHOLQGHSHQGHQWDSSURDFKUHYHDOHGWKDWILEULOUDGLXVIRUWKH5*'VDPSOHZDVc
ZLWKWKLVYDOXHGHFUHDVLQJWRcIRU5*'6LPLODUUHVXOWVZHUHDFKLHYHGXVLQJPRGHO
ILWWLQJZLWKWKHLQLWLDOILEULOUDGLXVRIcUHGXFLQJWRcZKHQ)PRF)5*')
FRDVVHPEOHGZLWKIXFRLGDQ7KHVHYDOXHVDUHLQDFFRUGDQFHZLWKWKHGLDPHWHURIWKHSUHYLRXVO\
UHSRUWHGVXEXQLWRIVLPLODUO\DVVHPEOLHV>@7KHPRGHOILWWLQJPHWKRGDOVRVKRZHGWKDWWKHUH
ZDVDGHQVLILFDWLRQHIIHFWRIWKHILEULOVDIWHUFRDVVHPEO\ZLWKWKHVFDWWHULQJOHQJWKGHQVLW\RI
WKHILEULOVLPSURYLQJE\$OWKRXJKDVOLJKWUHGXFWLRQLQUDGLXVLVREVHUYHGWKHVFDWWHULQJ
ILWVXJJHVWVWKDWWKHPRUSKRORJ\RIWKHILEULOLVEURDGO\UHWDLQHGDVRSSRVHGWRWKHIRUPDWLRQRI




DVHFRQGDU\VHOIVRUWHGVWUXFWXUH>@7KLVUHWHQWLRQRIPRUSKRORJ\FRXSOHGZLWKDQLQFUHDVH
LQ GHQVLW\ VXJJHVWV WKDW WKH IXFRLGDQ LQWHUDFWLRQ LV DOORZLQJ WKH 6$3 ILEULO VWUXFWXUH DQG
PRUSKRORJ\WREHEURDGO\UHWDLQHGEXWLVKDYLQJDQHIIHFWRQWKHILEULOV7KHUHIRUHWRYLVXDOLVH
WKH ORFDWLRQ RI WKH IXFRLGDQ PROHFXOHV UHODWLYH WR WKH ILEULOV ZH HPSOR\HG D SUHYLRXVO\
GHVFULEHGPHWKRGRIJROGQDQRSDUWLFOH*13V\QWKHVLV>@ZLWKVRPHPRGLILFDWLRQ*13
ODEHOOHGIXFRLGDQZDVFUHDWHGZKLFKFDQEHUHDGLO\YLVXDOLVHGZLWK7(0)LJXUH)LJXUHV
$&LQGLFDWH7(0PLFURJUDSKVRIWKHQDQRILEULOVFORVHO\DVVRFLDWHGZLWKWKH*13ODEHOOHG
IXFRLGDQ,QRUGHUWRH[SORUHDQ\SRVVLEOHDVVRFLDWLRQVEHWZHHQLQGHSHQGHQWJROGQDQRSDUWLFOHV
DQGHLWKHUIXFRLGDQRU WKHSHSWLGHILEULOV WZRFRQWUROK\GURJHOVZHUHSUHSDUHG2QHFRQWURO
K\GURJHOFRQWDLQHGDPL[WXUHRIXQODEHOOHGIXFRLGDQDQGWKHLQGHSHQGHQW*13)LJXUH(
DQGWKHRWKHULQYROYHGRQO\WKHLQGHSHQGHQW*13)LJXUH)$OOK\GURJHOVZHUHWKRURXJKO\
ZDVKHGZLWKGHLRQLVHGZDWHUWRUHPRYHDQ\XQERXQGQDQRSDUWLFOHVIURPWKHK\GURJHO$IWHU
ZDVKLQJ*13UHPDLQHGSUHVHQWRQO\ZLWKWKH*13ODEHOOHGIXFRLGDQZKHUHWKH\ZHUHREVHUYHG
LQ FORVH DVVRFLDWLRQ ZLWK WKH SHSWLGH ILEULOV DQG ZHUH LQYLVLEOH LQ ERWK FRQWURO K\GURJHOV
LQGLFDWLQJWKDWLQGHSHQGHQW*13ZRXOGQRWDGKHUHWRHLWKHUXQODEHOOHGIXFRLGDQRUWKHSHSWLGH
QDQRILEULOV7KLVLQGLFDWHGDVWURQJDQGSHUVLVWHQWFRORFDOLVDWLRQRIWKHIXFRLGDQWRWKHILEULOV

:HWKHQFRPSDUHGWKHVWLIIQHVVRIWKHK\GURJHOVXVLQJRVFLOODWRU\UKHRPHWU\)LJXUH*+
7\SLFDOO\WZRFRPSRQHQWK\GURJHOVZKHUHRQHFRPSRQHQWGRHVQRWRWKHUZLVHSDUWLFLSDWHLQ
WKHVHOIDVVHPEO\WHQGWRSURGXFHDQDOWHUQDWHPROHFXODUSDFNLQJOHDGLQJWRDVWLIIHUK\GURJHO
>@7KHUHIRUHWKHFKDUDFWHULVWLFIUHTXHQF\VZHHSVRIWKLVFODVVRIV\VWHPZHUHUHVHUYHGDQG
HDFKIRUPVDK\GURJHORIVLPLODUVWLIIQHVVVKRZLQJWKDWWKHLQFRUSRUDWLRQRIIXFRLGDQDWWKLV
FRQFHQWUDWLRQGRHVQRWGLVWXUEWKHVHOIDVVHPEO\SURFHVVHVWKDWGHWHUPLQHWKHILQDOULJLGLW\RI
WKHUHVXOWDQWK\GURJHOV>@






)LJXUH/RFDWLRQRIIXFRLGDQLQUHODWLRQWRWKHILEULOVDQGWKHHIIHFWVRQWKHILQDOK\GURJHO¶V
SK\VLRFKHPLFDOSURSHUWLHV*13ODEHOOHGIXFRLGDQVKRZVFRORFDOLVDWLRQDORQJSHSWLGHILEULOV$SUH
DQG%&SRVWZDVKLQJRIWKHK\GURJHO LQGLFDWLQJVWURQJDVVRFLDWLRQVEHWZHHQIXFRLGDQDQGSHSWLGH
ILEULOV'*13ODEHOOHGIXFRLGDQLQVROXWLRQ(+\GURJHOFRDVVHPEOHGZLWKXQODEHOOHGIXFRLGDQDQG
LQGHSHQGHQW *13 VKRZ QR UHVLGXDO *13 SRVW ZDVKLQJ ) +\GURJHO FRDVVHPEOHG RQO\ ZLWK
LQGHSHQGHQW*13VKRZQRUHVLGXDO*13SRVWZDVKLQJ*5KHRORJLFDOFKDUDFWHULVWLFVRIK\GURJHOV
+5DWHRIIRUPDWLRQRIK\GURJHOLVLQFUHDVHGLQFRDVVHPEO\,,7&VKRZVLQFUHDVHGUDWHRIDVVHPEO\
ZLWKFRDVVHPEOHGVDPSOHVUHWXUQRIKHDWUDWHWR-'6&VKRZVLQFUHDVHGPHOWLQJWHPSHUDWXUHRI
FRDVVHPEOHGV\VWHP





:H DOVR REVHUYHG WKDW WKH FRDVVHPEOHG VDPSOH IRUPHGPRUH TXLFNO\ SRVVLEO\ GXH WR WKH
EXQGOLQJDQGFRORFDWLRQSURYLGLQJDQLQFUHDVHGGULYLQJIRUFHIRUDVVHPEO\7RTXDQWLI\WKLV
ZHXVHGSDUDOOHOSODWHUKHRPHWU\WRFRPSDUHWKHUDWHRIK\GURJHOIRUPDWLRQ>@7KHPDWHULDOV
ZHUHDQDO\VHGIRUKDQGWKHILQDOPRGXOXVZHUHFRPSDUDEOHDFURVVDUDQJHRIIUHTXHQFLHV
VXJJHVWLQJ WKH ILQDO ULJLGLW\ RI WKH VFDIIROGV ZHUH DQDORJRXV WR HDFK RWKHU )LJXUH *
+RZHYHUDIL[HGIUHTXHQF\WLPHDQDO\VLVLQGLFDWHGWKDWWKHFRDVVHPEOHGVDPSOHIRUPHGWKH
K\GURJHO PRUH TXLFNO\ )LJXUH + &RPSDULVRQ RI QRUPDOLVHG LVRWKHUPDO WLWUDWLRQ
FDORULPHWU\,7&WKHUPRJUDPV)LJXUH,FRQILUPHGWKHHQKDQFHGUDWHRIDVVHPEO\LQGHHG
WKHWLPHWDNHQIRUWKH)PRF)5*')QHWZRUNIRUPDWLRQi.e.ZKHUHWKHKHDWUDWHUHWXUQVWR]HUR
DQGWKHFRDVVHPEOHGVDPSOHVKRZHGDUDWHHQKDQFHPHQWRIca. LQWKHODWWHU7KLVUHVXOW
VXJJHVWVWKDWWKHIXFRLGDQLVHQKDQFLQJWKHVWDELOLW\RIWKHILEULOVLQWKHFRDVVHPEOHGV\VWHP
E\LQFUHDVLQJVXSUDPROHFXODURUGHU>@DOEHLWZLWKRXWVLJQLILFDQWO\LQFUHDVLQJLWVVWLIIQHVV
)LJXUH*:HWKHQDQDO\VHGWKHVROJHOWUDQVLWLRQWHPSHUDWXUH7JHOWRGHWHUPLQHSRVVLEOH
HIIHFWV RI WKLV VWDELOLVDWLRQ RQ WKH PHOWLQJ WHPSHUDWXUH RI WKH K\GURJHOV XVLQJ D VHULHV RI
GLIIHUHQWLDOVFDQQLQJFDORULRPHWU\'6&DQDO\VHV&RDVVHPEO\ZDVVKRZQWRLQFUHDVH7JHO
IURP&WR&ZKLOHWKHSRVWDVVHPEO\DGGLWLRQGLGQRWVKRZDVLPLODULQFUHDVHLQ
7JHO)LJXUH-7KLVREVHUYDWLRQVXJJHVWVIXUWKHUWKDWWKHFRDVVHPEO\SURFHVVOHDGVWRD
VWDELOLVDWLRQRIWKHLQWHUILEULOODUQHWZRUN
 %LRORJLFDOPHFKDQLVPRIWKHIXFRLGDQSHSWLGHPDWHULDO
5HVHDUFK KDV VKRZQ WKDW WKH 6&& FHOO OLQH LQ FRPSDULVRQ ZLWK QRUPDO KXPDQ RUDO
NHUDWLQRF\WHV GHPRQVWUDWHG VLJQLILFDQW RYHU H[SUHVVLRQ RI WKH SURLQIODPPDWRU\ F\WRNLQH
UHVSRQVH XSUHJXODWLRQ RI WKH F\WRNLQHVLV SURPRWLQJ JHQHV > @ DQG SDUWLFXODUO\
LQFUHDVHG H[SUHVVLRQ RI 1)țȕ XVHG DV DQ UHDGLO\ FKDUDFWHULVHG FRPSRQHQW RI D ODUJHU
LQIODPPDWRU\SDWKZD\>@7KHXQFRQWUROOHG*WR0FHOOF\FOHSURJUHVVLRQLVHVVHQWLDOIRU




RUDOFDQFHUSURJUHVVLRQDQGLVFKDUDFWHULVHGE\DQLQFUHDVHLQWKHWXPRXUVL]H>@$VVKRZQ
LQ)LJXUH)WKHWUDQVFULSWLRQIDFWRUVUHODWHGWRWKLVSDWKZD\DFWLYDWH&(3DF\WRNLQHVLV
SURPRWHUFKDUDFWHULVHGDVDNH\LQGLFDWRURI WXPRUIRUPDWLRQDQGSURJUHVVLRQ>@(DUOLHU
&(3NQRFNGRZQVWXGLHVKDYHUHYHDOHGDUHGXFWLRQLQFHOOSUROLIHUDWLRQDQGWXPRULJHQLFLW\RI
WKHFDQFHUFHOOV>@,QRUGHUWRH[SORUHWKHPHFKDQLVPOHDGLQJWRVHOHFWLYHDSRSWRWLFHIIHFWV
LQ WKH FDQFHU FHOOV REVHUYHG HDUOLHU )LJXUH ZH FDUULHG RXW D VHULHV RI H[SHULPHQWV WR
PRQLWRU WKHREVHUYHGHIIHFWVRI WKHPDWHULDORQ WKHSURWHLQH[SUHVVLRQRI1)țȕDQG&(3
)LJXUH $ % $GGLWLRQDOO\ WR IXUWKHU WHVW WKH PDWHULDO DQG PRGHO WKH KLJKO\ SUR
LQIODPPDWRU\ HQYLURQPHQW RI WKH WXPRXU WKH FHOOVZHUH FKDOOHQJHGZLWK OLSRSRO\VDFKDULGH
/36 DSRZHUIXO LQIODPPDWRU\ DJHQW SURYLGLQJDYDOLG DVVD\ IRU WKHSURJUHVVLRQRI WKHVH
FDQFHUFHOO OLQHV>@+HUHZHSHUIRUPHGLPPXQRVWDLQLQJRQWKHFHOOVFXOWXUHGDWKLQ
RUGHU WR FDSWXUH WKH SURFHVV PLG F\FOH 6&& FHOOV FXOWXUHG RQ 5*' ZHUH IXUWKHU
FRXQWHUVWDLQHG ZLWK +RHFKVW G\H WR H[SORUH 1)țȕ S FRORFDOLVHG ZLWK WKH QXFOHDU VWDLQ
+RZHYHUZKHQ WKH VDPHH[SHULPHQWZDVSHUIRUPHGRQ WKH5*'K\GURJHOQRVLJQLILFDQW
VWDLQLQJRI1)țȕZDVREVHUYHGLUUHVSHFWLYHRI/36VWLPXODWLRQ

7RFRQILUPWKDWWKHPDWHULDOZDVHIIHFWLYHDWDJHQHH[SUHVVLRQOHYHOWKHP51$UHJXODWLRQRI
JHQHV LQ WKH 1)țȕ SURLQIODPPDWRU\ SDWKZD\ ZDV LQWHUURJDWHG XVLQJ TXDQWLWDWLYH 3&5
$SSHQGL[,ࡳ7DEOH,IRUSULPHUVHTXHQFHV:HH[WUDFWHG51$IURPWKHFHOOVXQGHUERWK
K\GURJHOVDQGTXDQWLILHGIRUWKHJHQHH[SUHVVLRQ7KHSURLQIODPPDWRU\F\WRNLQHVLQWHUOHXNLQ
,/$%DQGWLVVXHQHFURWLFIDFWRU71)ZHUHWUDQVFULEHGDVDNH\SDUWRIWKH1)țȕ
SURLQIODPPDWRU\ SDWKZD\ DQG WKHUHIRUHPRQLWRUHG DV FUXFLDO UHJXODWRUV RI WXPRXULJHQHVLV
)LJXUH&7KHJHQHH[SUHVVLRQZDVVWXGLHGDWKRXUDQGDWWKLVWLPHSRLQWaRI
6&& FHOOV UHPDLQHG YLDEOH ,Q HDFK FDVH WKHUH ZDV VLJQLILFDQW GRZQUHJXODWLRQ LQ WKH
H[SUHVVLRQRIHDFKSURLQIODPPDWRU\JHQHRQ5*'ZKHQFRPSDUHGWRWKHFRQWURO





)LJXUH  &RDVVHPEOHG K\GURJHOV LQKLELWV WKH H[SUHVVLRQ RI SURLQIODPPDWRU\ F\WRNLQHV DQG
GLVUXSWV FHOO GLYLVLRQ RQ D JHQH DQG SURWHLQ OHYHO $ 9LVXDOLVDWLRQ RI SURWHLQ H[SUHVVLRQ RI
IOXRUHVFHQW1)țȕSDQG&(3LPPXQRIOXRUHVFHQFHDQDO\VLVJUHHQLQ6&&FHOOVORFDOLVHGZLWK
DQXFOHDUFRXQWHUVWDLQRI+RHFKVWG\HEOXHFXOWXUHGRQWKHK\GURJHOVIRUK%6KRZV1)țȕS
LQ WKH QXFOHXV LQFUHDVLQJ ZLWK  ȝJP/ RI /36 VWLPXODWLRQ LQ 5*' FXOWXUHV ZKHUHDV &(3
H[SUHVVLRQZDVKLJKLQ6&&FHOOVLUUHVSHFWLYHRIVWLPXODWLRQZLWK/36%RWKVLJQDOVZHUHVLJQLILFDQWO\
UHGXFHGLQFHOOVFXOWXUHGRQWKH5*'K\GURJHOV,PDJHVZHUHREWDLQHGDWPDJQLILFDWLRQî&*HQH
H[SUHVVLRQSURILOHVRI WKHSURLQIODPPDWRU\F\WRNLQH UHVSRQVHHOHPHQWV LQ/36VWLPXODWHGDQGQRQ
VWLPXODWHG 6&& FHOOV DV GHWHUPLQHG E\ T3&5 ,QWHUHVWLQJO\ LQ HDFK FDVH JHQH H[SUHVVLRQ ZDV
UHGXFHG RQ WKH 5*'K\GURJHOV FRPSDUHGZLWK 5*':KHQ/36ZDV XVHG WR VWLPXODWH WKH SUR
LQIODPPDWRU\ SDWKZD\ WKH H[SUHVVLRQ LQFUHDVHG VLJQLILFDQWO\ RQ 5*' LQ HDFK FDVH EXW UHPDLQHG
FRPSDUDEOHWRWKHXQFKDOOHQJHGFHOOVRQ5*'p p p p 





7RFRQILUPWKDWWKHGRZQUHJXODWLRQRIDQWLLQIODPPDWRU\F\WRNLQHVZDVQRWDVVRFLDWHGZLWK
DSRSWRVLV WKH KRXVHNHHSLQJ JHQH $&7% ZDV PRQLWRUHG DQG VKRZHG WKDW VDPH OHYHO RI
H[SUHVVLRQDWERWKFRQGLWLRQV7KHQWRWHVWWKHH[WHQWRIWKLVHIIHFWWKHFHOOVZHUHFKDOOHQJHG
ZLWK/36DV/36KDVEHHQVKRZQWRLPSURYHWKHSURLQIODPPDWRU\UHVSRQVHHYHQLIFHOOVZHUH
DSRSWRWLF  ,Q HDFK JHQH DQDO\VLV WKH H[SUHVVLRQ LQ WKH 5*' V\VWHP VKRZQ D VLJQLILFDQW
LQFUHDVH ZKHUHDV WKH 5*' ZDV REVHUYHG WR EH VLPLODU WR WKH XQFKDOOHQJHG VDPSOH
,PSRUWDQWO\WKHH[SUHVVLRQLQHDFKRIWKHF\WRNLQHVDQDO\VHGZDVVLJQLILFDQWO\OHVVWKDQWKDW
REVHUYHGLQWKHFRQWURODQGFRPSDUDEOHWRWKHXQFKDOOHQJHG5*'VDPSOH7KHUHIRUHERWKWKH
SURWHLQDQGJHQHH[SUHVVLRQGHPRQVWUDWHWKDWWKHIXFRLGDQFRQWDLQLQJK\GURJHOLVDSRZHUIXO
LQKLELWRU RI F\WRNLQHVLV DQG WKH XQFRQWUROOHG FHOO SUROLIHUDWLRQ DVVRFLDWHG ZLWK WKLV W\SH RI
FDQFHU
 &RQFOXVLRQ
7KHIDEULFDWLRQRIVWDEOHIXQFWLRQDOELRPDWHULDOVWKDWFDQSURYLGHELRORJLFDOO\UHOHYDQWHSLWRSHV
DQGPROHFXOHVZLOOSOD\DQLPSRUWDQWUROHLQYDULHVRIPHGLFDODSSOLFDWLRQV,WKDVEHHQIRXQG
WKDW VHOIDVVHPEO\ FDQ JLYH ULVH WR PDWHULDOV WKDW DUH ERWK ELRFRPSDWLEOH DQG IXQFWLRQDO
+RZHYHUWKHLUSRWHQWLDOKDYHQRW\HWEHHQIXOO\UHDOLVHG,WKDVRIIHUHGVHYHUDODGYDQWDJHRIWKH
XVHRIVLPSOHLQWHUDFWLRQVEHWZHHQWKHVHOIDVVHPEO\VWUXFWXUHVDQGWKHDGGLWLRQDOIXQFWLRQDO
PROHFXOHV 7KH VSRQWDQHRXV IRUPDWLRQ RIPXOWLFRPSRQHQW VFDIIROGVZLWK GHILQHG FKHPLFDO
SURSHUWLHV DOORZV PDWHULDOV WR EH IRUPHG DW SK\VLRORJLFDO FRQGLWLRQV DIIRUGLQJ LQKHUHQW
ELRFRPSDWLELOLW\,QWKHFXUUHQWVWXG\LWKDVEHHQVKRZQIRUWKHILUVWWLPHWKDWWKHVHOIDVVHPEO\
SURFHVV FDQ LQFRUSRUDWH D ELRDFWLYH PDFURPROHFXOH WKH DQWLLQIODPPDWRU\ SRO\VDFFKDULGH
IXFRLGDQVRWKDWWKHVFDIIROGSURYLGHVDELRFRPSDWLEOH\HWSRZHUIXOHQYLURQPHQWWRWUHDWSUR
LQIODPPDWRU\ FDQFHUV RQ D JHQH DQG SURWHLQ H[SUHVVLRQ OHYHO ZLWK VSHFLILFDOO\ FRQWUROOHG
DSRSWRVLV:HVXJJHVWWKDWWKLVPHWKRGWRIRUPPDWHULDOVFDQEHHDVLO\DGDSWHGIRUWKHWUHDWPHQW




RIYDULRXVRWKHUGLVHDVHVWDWHV:HSUHGLFWWKDWWKLVVLPSOH\HWSRWHQWDSSURDFKZLOOGHYHORS
IXUWKHUWRHQGRZUHVHDUFKHUVWKHFRQYHQLHQWIDEULFDWLRQRILQH[SHQVLYHEXWFRPSOH[PDWHULDOV
ZKLFKFDQEHHDVLO\PDQLSXODWHGWRZDUGVSHFLILFWKHUDSHXWLFRXWFRPHV
 




&KDSWHU )XQFWLRQDOLVHG6HOI$VVHPEOHG3HSWLGH
6FDIIROGV0LPLF&&0\REODVWV&HOO1LFKHDQG
5HJXODWH7KHLU*URZWKin vitro

&RQWULEXWLRQRIWKHFDQGLGDWH
,GLGDOOWKHZRUNH[FHSWFRQIRFDOLPDJLQJDQG:HVWHUQEORW




Manuscript under Review. 
$EVWUDFW
6$3VDUHLQKHUHQWO\ELRFRPSDWLEOHPDWHULDOVEDVHGRQWKHNH\(&0SURWHLQVVXFKDVILEURQHFWLQ
6$3VKDYHEHHQZLGHO\XVHGLQ'FHOOFXOWXUHDQG in vivoDVDGUXJGHOLYHU\SODWIRUPIRUWLVVXH
HQJLQHHULQJ7KHLQFRUSRUDWLRQRIRWKHUELRPDFURPROHFXOHVFDQHQDEOH6$3VFDIIROGWRPRUH
FORVHO\ PLPLF WLVVXH VSHFLILF (&0 7KH VHOIDVVHPEOHG )PRF)5*') SHSWLGH K\GURJHO
FRQWDLQLQJWKH5*'VHTXHQFHGHULYHGIURPILEURQHFWLQZDVXVHGLQWKLVZRUNDQGLWZDVFR
DVVHPEOHGZLWKIXFRLGDQDVGLVFXVVHGLQ&KDSWHURUYHUVLFDQDGHYHORSPHQWDOO\LPSRUWDQW
(&0 SURWHRJO\FDQ 7R PDNH YHUVLFDQ FRQGLWLRQHG PHGLD KXPDQ HPEU\RQLF NLGQH\ 
+(.FHOOVZHUHWUDQVIHFWHGZLWKDYHUVLFDQSODVPLGDQGVHUXPIUHHFRQGLWLRQHGPHGLD
FRQWDLQLQJ YHUVLFDQZDV FROOHFWHG DW  K SRVWWUDQVIHFWLRQ&RQGLWLRQHGPHGLD LV D VLPSOH
WHFKQLTXH WR SURGXFHYHUVLFDQ+RZHYHU GXH WR WKH ORZSXULW\ WKH FRQGLWLRQHGPHGLDZLOO
FRQWDLQVHFUHWHGPROHFXOHVRWKHUWKDQYHUVLFDQDQGWKXV+(.FHOOVZHUHWUDQVIHFWHGZLWK
DQHPSW\YHFWRUSF'1$SODVPLGIRUXVHDVDFRQWURO7(0DQG$)0LPDJHVVKRZHGWKDW
WKHQDQRILEULOVIRUPHGWKLFNEXQGOHVLQHPSW\YHFWRUDQGYHUVLFDQVFDIIROGVZKLOVWQREXQGOHV
ZHUH YLVLEOH LQ )PRF)5*') VFDIIROGV ZLWK RU ZLWKRXW IXFRLGDQ LPSRUWDQWO\ WKH
LQFRUSRUDWLRQRIWKHPDFURPROHFXOHVLQWRWKH)PRF)5*')VFDIIROGGRHVQRWLQWHUUXSWWKHVHOI
DVVHPEO\PHFKDQLVP+RZHYHU WKHVWLIIQHVVZDV LQFUHDVHGDURXQGIROGFRPSDUHGWR WKH
)PRF)5*')K\GURJHODQGWKLVFRXOGSURYLGHDPHFKDQLFDODQGPRUSKRORJLFDOPHFKDQLVP
IRU FRQWURO RYHU FHOO SUROLIHUDWLRQ DQG GLIIHUHQWLDWLRQ:KHQ &&PXVFOH SUHFXUVRU FHOOV
P\REODVWVZHUHVHHGHGRQWR WKHVFDIIROGVIRUXS WRKRXUVFHOOYLDELOLW\DQGJURZWKDV
HVWLPDWHGE\ WRWDOSURWHLQFRQWHQWZDVVLPLODUFRPSDUHG WRFRQWUROVFDIIROGV+RZHYHU WKH
VFDIIROGFRPSRVLWLRQDIIHFWHGFHOOVSUHDGLQJWKHVXUIDFHDUHDRI&&P\REODVWVFXOWXUHGRQ
WKHIXFRLGDQVFDIIROGZDVVPDOOHUFRPSDUHGWRFHOOVJURZQRQWKH)PRF)5*')VFDIIROGDW




KDQGKSRVWVHHGLQJ0\REODVWVFXOWXUHGRQYHUVLFDQVFDIIROGVZHUHVPDOOHUFRPSDUHGWR
FHOOVJURZQRQWKHHPSW\YHFWRUVFDIIROGVDWKSRVWVHHGLQJVXJJHVWLQJWKDWWKHLQFRUSRUDWLRQ
RI YHUVLFDQ FDQ DOVR OLPLW FHOO VSUHDGLQJ+RZHYHU E\KSRVW VHHGLQJ WKH FHOO VL]HZDV
HTXLYDOHQW SHUKDSVGXH WR YHUVLFDQEHLQJGHJUDGHGE\ HQ]\PHV VHFUHWHGE\ WKHP\REODVWV
'XULQJP\RJHQHVLVP\REODVWVIXVHWRIRUPPXOWLQXFOHDWHGPXVFOHILEUHV$WKSRVWVHHGLQJ
WKHIRUPDWLRQRIPXOWLQXFOHDWHGV\QF\WLDZDVREVHUYHGLQWKHYHUVLFDQVFDIIROGVDQGUHGXFHG
LQFHOOVFXOWXUHGRQWKHHPSW\YHFWRUVFDIIROG5HGXFHGIRUPDWLRQRIPXOWLQXFOHDWHGV\QF\WLD
ZDV DOVR IRXQG LQ ERWK )PRF)5*') DQG IXFRLGDQ VFDIIROGV 7KXV ZKLOVW IXFRLGDQ DQG
YHUVLFDQFRDVVHPEOHG6$3K\GURJHOVDUHELRFRPSDWLEOHZLWK&&P\REODVW WKH\GRQRW
KDYH GLVWLQFW ELRORJLFDO HIIHFWV RQ P\REODVW VSUHDGLQJ DGKHVLRQ DQG WKH IRUPDWLRQ RI
PXOWLQXFOHDWHG V\QF\WLD 7KLV UHVHDUFK GHPRQVWUDWHV XWLOLW\ RI FRDVVHPEO\ RI 6$3V ZLWK
PDFURPROHFXOHVDOORZLQJWKHVFDIIROGVWREHPRUHFORVHO\PDWFKHGWRWLVVXHVSHFLILF(&0IRU
in vitro'FHOOFXOWXUHDQGin vivoWLVVXHHQJLQHHULQJDQGZLWKIXUWKHUUHVHDUFKWRVSHFLILFDOO\
FRQWUROYDULRXVDVSHFWVRIFHOOEHKDYLRXU
 ,QWURGXFWLRQ
7KH(&0LVDFUXFLDOFRPSRQHQWRIWKHVWHPFHOOQLFKHDQGFRQVLVWVRIDG\QDPLFVWUXFWXUHRI
WLVVXH VSHFLILF PDWUL[ PDFURPROHFXOHV VXFK DV FROODJHQ ODPLQLQ ILEURQHFWLQ DQG YDULRXV
SURWHRJO\FDQVLQFOXGLQJYHUVLFDQ7KHVHVHFUHWHGPROHFXOHVVHOIRUJDQLVHWRIRUPDK\GUDWHG
VFDIIROG WKDW SUHVHQWV PHFKDQLFDO FKHPLFDO DQG VROXEOH VLJQDOV WR FHOOV 7KH FRPELQHG
QDQRVFDOHPRUSKRORJ\DQGFRPSRVLWLRQRIWKHVH(&0SURWHLQVV\QHUJLVWLFDOO\DFFRXQWIRUWKH
XQLTXHIXQFWLRQVRIWKHVWHPFHOOQLFKH>@7KHQDWXUDO(&0LVDK\GURJHO,WVLQWULFDWHILEULOODU
VWUXFWXUHSURYLGHV WHQVLOHVXSSRUWZKLOVW LWVK\GUDWHGVWDWH UHVLVWVFRPSUHVVLRQ>@%H\RQG
VWUXFWXUDOVXSSRUWWKH(&0FDQUHJXODWHFHOOVLJQDOOLQJSDWKZD\VUHOHYDQWWRDOODVSHFWVRIFHOO
EHKDYLRXU LQFOXGLQJSUROLIHUDWLRQ DGKHVLRQPLJUDWLRQ GLIIHUHQWLDWLRQ DQG FHOO GHDWK >@




6WHPFHOOWHFKQRORJ\IRUUHJHQHUDWLYHPHGLFLQHLVEHFRPLQJLQFUHDVLQJO\DGYDQFHG+RZHYHU
FRQWUROOLQJVWHPFHOOV in vitro VXFK WKDWH[SDQVLRQ LVDGHTXDWHDQG WKHGHVLUHGSKHQRW\SH LV
PDLQWDLQHG UHPDLQV VLJQLILFDQW FKDOOHQJH >@ 7R DGGUHVV WKHVH FKDOOHQJHV VLJQLILFDQW
UHVHDUFK HIIRUW KDV EHHQ LQYHVWHG LQWR RSWLPLVLQJ FHOO FXOWXUH FRQGLWLRQV LQFOXGLQJ WKH
FRPSRVLWLRQRIFHOOFXOWXUHPHGLD>@DQGWLVVXHFXOWXUHR[\JHQOHYHOV>@+RZHYHUPRVW
FHOOFXOWXUHDSSURDFKHVDUHVWLOO'DQGWKLVIDLOVWRDGHTXDWHO\PRGHOWKHFRPSOH[LWLHVRIWKH
QDWXUDO'VWHPFHOOQLFKH

([WHQVLYHUHVHDUFKHIIRUWKDVIRFXVHGRQERWKELRORJLFDOO\DQGV\QWKHWLFDOO\GHULYHGPDWHULDOV
WREHWWHUPLPLFWKHQDWLYH(&0IRUWKHLPSURYHGFXOWXUHRIVWHPFHOOV>@6LQFHWKHQDWXUDO
(&0 FDQ EH FRQVLGHUHG D K\GURJHO GHYHORSLQJ ELRORJLFDOO\ DQGRU V\QWKHWLFDOO\ GHULYHG
PDWHULDOVZKLFKPLPLFWKHSURSHUWLHVRIWKLVQDWXUDOK\GURJHOLVRIJUHDWLQWHUHVW>@1DWXUDO
PDWHULDOVVXFKDVFROODJHQDQGILEULQRJHQDUHKLJKO\ELRPLPHWLF\HWFDQFDUU\VLJQLILFDQWULVN
RISDWKRJHQWUDQVPLVVLRQDQGKDYHGLIILFXOWLHVLQSURFHVVLQJDQGZLWKLPPXQRJHQLFLW\>@
6FDIIROGV IRUPHG IURPV\QWKHWLFSRO\PHUVDUHHDVLO\V\QWKHVLVHGDQGDUHZHOO WROHUDWHGEXW
PDQ\ V\QWKHWLF SRO\PHUV GR QRW GHJUDGH LQ SK\VLRORJLFDO FRQGLWLRQV DQG WKH XVH RI WR[LF
FKHPLFDOVLQWKHLUV\QWKHVLVRUSURFHVVLQJPD\UHTXLUHH[WHQVLYHSXULILFDWLRQVWHSV>@

$V RQH RI WKH PRVW FRPPRQ (&0 FRPSRQHQWV ILEURQHFWLQ KDV D VLJQLILFDQW UROH LQ FHOO
DGKHVLRQJURZWKSUROLIHUDWLRQGLIIHUHQWLDWLRQ>@DQGPLJUDWLRQ>@6LPSOH)PRF6$3V
IRUXVHLQFHOOFXOWXUHKDYHFRQWDLQHGWKHILEURQHFWLQGHULYHGSHSWLGHVHTXHQFH5*'5HFHQWO\
UHVHDUFK KDV VKRZQ WKDW GXULQJ GHYHORSPHQW DQG UHJHQHUDWLRQ PXVFOH VWHP FHOOV SURYLGH
LQVWUXFWLYHFXHVDQGJRYHUQFHOOIDWHGHFLVLRQVWKURXJKWKHDXWRQRPRXVGHSRVLWLRQRIYDULRXV
(&0 SURWHLQV LQFOXGLQJ ILEURQHFWLQ >@7KHUHIRUH LW LV RI LQWHUHVW WR LQFOXGH ELRORJLFDO
PDFURPROHFXOHVZLWKLQELRPDWHULDOVVXFKDVSURWHLQVJO\FRSURWHLQVDQGRUSRO\VDFFKDULGHVWR




IXUWKHUWXQHWKHLUIXQFWLRQ>@6$3VKDYHEHHQVKRZQWRFRDVVHPEOHZLWKPDFURPROHFXOHV
VXFKDVSURWHLQVVXFKDVODPLQLQ>@QXFOHLFDFLGV>@DQGK\DOXURQLFDFLG>@ZKHUH
VSHFLILFLQWHUDFWLRQVe.g.HOHFWURVWDWLFDURPDWLFVWDFNLQJDQGWHPSODWLQJGLUHFWWKHDVVHPEO\
SURFHVV WR LQFOXGH WKHVHPDFURPROHFXOHV >@+RZHYHU WKHDVVHPEO\SURFHVVQHHGV WREH
FDUHIXOO\FRQWUROOHGWRUHWDLQWKHGHVLUDEOHSURSHUWLHVRIWKHSHSWLGHQDQRVWUXFWXUHVDVWKHVHFDQ
EHDOWHUHGGUDPDWLFDOO\WKURXJKWKHFRDVVHPEO\SURFHVV>@

)XFRLGDQLVDVXOSKDWHGSRO\VDFFKDULGHZLWKGHPRQVWUDWHGELRORJLFDOHIIHFWVGHSHQGHQWRQFHOO
W\SHDQGELRORJLFDOFRQWH[W)XFRLGDQHLWKHUGLVVROYHGLQFHOOFXOWXUHPHGLDRU LQFRUSRUDWHG
LQWRDIXFRLGDQODPLQLQELRIXQFWLRQDOFRDWLQJ7KHHIIHFWVRIIXFRLGDQDUHYHU\PXFKGHSHQGHQW
XSRQFHOOW\SH)XFRLGDQLQKLELWVWKHSUROLIHUDWLRQRIDUWHULDOVPRRWKPXVFOHFHOOVERWKLQDQLPDO
PRGHOV DQG in vitro >@ :KHUHDV LQ HQGRWKHOLDO FHOOV D IXFRLGDQODPLQLQ ELRIXQFWLRQDO
FRDWLQJVWLPXODWHGWKHSUROLIHUDWLRQ>@,QRVWHREODVWVIXFRLGDQSURPRWHVFHOOSUROLIHUDWLRQ
LQ D GRVH GHSHQGHQW PDQQHU DV ZHOO DV LQFUHDVLQJ DONDOLQH SKRVSKDWDVH DFWLYLW\ FDOFLXP
DFFXPXODWLRQ DQG WKH H[SUHVVLRQ RI RVWHREODVWVSHFLILF JHQHV ± DOO PDUNHUV RI ERQH
GLIIHUHQWLDWLRQ >@ ,Q PRQRF\WHV IXFRLGDQ VWLPXODWHG DGKHVLRQ DQG PLJUDWLRQ via 
H[WUDFHOOXODU VLJQDOUHODWHG NLQDVH ((5.S VLJQDOOLQJ SDWKZD\ DQG LQFUHDVHG PDWUL[
PHWDOORSURWHLQDVH003VHFUHWLRQ>@,Q&&P\REODVWFXOWXUHORZPROHFXODUZHLJKW
IXFRLGDQVWURQJO\LQKLELWHGP\RJHQLFGLIIHUHQWLDWLRQDQGP\RILEUHIRUPDWLRQWKURXJKLWVHIIHFWV
RQWKHSPLWRJHQDFWLYDWHGSURWHLQNLQDVH0$3.SDWKZD\>@

9HUVLFDQ LV D ODUJH FKRQGURLWLQ VXOSKDWH SURWHRJO\FDQ ZKLFK LV V\QWKHVLVHG DV SDUW RI D
WUDQVLWLRQDOPDWUL[GXULQJGHYHORSPHQWWKDWIXQFWLRQVDVDVFDIIROGIRUPDWXUH(&0GHSRVLWLRQ
DQGUHJXODWHVQXPHURXVDVSHFWVRIVWHPFHOOEHKDYLRXU>@7KHUHDUHVHYHUDOWLVVXHVSHFLILF
VSOLFH YDULDQWV RI YHUVLFDQ GHVLJQDWHG 9 WKURXJK 9 9 YHUVLFDQ LV KLJKO\ H[SUHVVHG LQ




VNHOHWDOPXVFOHGXULQJGHYHORSPHQW,QDGXOWWLVVXHV9YHUVLFDQLVKLJKO\UHJXODWHGLQHYHQWV
DVVRFLDWHGZLWKUHSDLUDQGUHPRGHOOLQJIROORZLQJLQMXU\DQGLQGLVHDVH>@9YHUVLFDQLV
FRPSULVHGRIWKH*DQG*JOREXODUGRPDLQVDWWKH1DQG&WHUPLQXVUHVSHFWLYHO\DQGD
FHQWUDO FRUH SURWHLQ *$*ȕ GRPDLQ FRQWDLQLQJ FRYDOHQWO\ ERXQG FKRQGURLWLQ VXOSKDWH
JO\FRVDPLQRJO\FDQ *$* VLGHFKDLQV7KHVHFKRQGURLWLQ VXOSKDWH VLGHFKDLQVELQGJURZWK
IDFWRUVF\WRNLQHVDQGDGKHVLRQPROHFXOHVVXFKDV&'/VHOHFWLQDQG3VHOHFWLQWRUHJXODWH
YDULRXVGRZQVWUHDPVLJQDOOLQJSDWKZD\V>@7KH&DQG1WHUPLQXVRIYHUVLFDQDOVRELQGV
YDULRXV(&0PROHFXOHVLQFOXGLQJK\DOXURQDQFROODJHQ,DQGILEURQHFWLQ>@7KURXJKWKH
LQWHUDFWLRQ ZLWK WKHVH (&0 FRPSRQHQWV YHUVLFDQ SURGXFHV D PHFKDQLFDOO\ DFWLYH
PLFURHQYLURQPHQWDURXQGFHOOVZKLFKZLOOLQIOXHQFHVFHOOPRUSKRORJ\DGKHVLRQSUROLIHUDWLRQ
PLJUDWLRQGLIIHUHQWLDWLRQDQGVXUYLYDO>@7KHUHPRGHOOLQJDQGFOHDUDQFHRIYHUVLFDQ
E\VSHFLILF(&0SURWHDVHVDOVRDIIHFWVFHOOEHKDYLRXUV>@7KHELRORJLFDOYHUVDWLOLW\RI
YHUVLFDQPDNHVLWDQLPSRUWDQWFRPSRQHQWRIWKHVWHPFHOOQLFKH>@

,Q WKLV ZRUN D PLQLPDOLVW DURPDWLF SHQWDSHSWLGH )PRF)5*') ZDV V\QWKHVLVHG DQG VHOI
DVVHPEOHGWRIRUPDK\GURJHO7KUHHDGGLWLRQDOFRDVVHPEOHGK\GURJHOVZHUHIRUPHGE\WKH
LQFRUSRUDWLRQRIIXFRLGDQYHUVLFDQFRQGLWLRQHGPHGLDRUDQHPSW\YHFWRUFRQGLWLRQHGPHGLD
DVDFRQWURO&&P\REODVWVZHUHWKHQFXOWXUHGRQWKHVHK\GURJHOVIRUXSWRK&&
P\REODVWVZHUH FKRVHQ DV DZHOO FKDUDFWHULVHG LPPRUWDOLVHG FHOO OLQH GHULYHG IURPPRXVH
VNHOHWDOPXVFOHSUHFXUVRUFHOOV7KHVHFHOOVDUHDFRPPRQO\XVHGDVDQH[SHULPHQWDOPRGHOWR
VWXG\ FHOOXODU SURFHVVHV UHOHYDQW PXVFOH GHYHORSPHQW DQG UHJHQHUDWLRQ >@ LQFOXGLQJ
SUROLIHUDWLRQPLJUDWLRQGLIIHUHQWLDWLRQDQGIXVLRQWRPXOWLQXFOHDWHGP\RILEUHV>@




 5HVXOWVDQG'LVFXVVLRQ
 7KHIRUPDWLRQRIK\GURJHOV
7KHPLQLPDOLVWSHQWDSHSWLGH)PRF)5*'))LJXUH$FRQWDLQLQJDELRORJLFDOO\DYDLODEOH
VHTXHQFH5*'ZDVV\QWKHVLVHGXVLQJWKH6336PHWKRGWR\LHOGDFU\VWDOZKLWHSHSWLGHSRZGHU
DV SUHYLRXVO\ UHSRUWHG > @ 7KH WULSHSWLGH VHTXHQFH 5*' LV D ZLGHO\ XVHG HSLWRSH
GHULYHGIURPILEURQHFWLQZKLFKZDVIRXQGWRSURPRWHFHOODWWDFKPHQW>@)RXUJURXSV
RIK\GURJHOVZHUHWKHQSUHSDUHGXVLQJWKLV)PRF6$3)PRF)5*'))XFRLGDQ
 (PSW\ YHFWRU FRQGLWLRQHG PHGLD DQG   9HUVLFDQ FRQGLWLRQHG PHGLD $PRQJ WKHP
K\GURJHOLVDVHOIDVVHPEO\V\VWHPDQGK\GURJHOVDUHFRDVVHPEO\V\VWHPV7KHVHOI
DVVHPEO\DQGFRDVVHPEO\SURFHVVHVZHUHWULJJHUHGXVLQJDZHOOHVWDEOLVKHGS+VZLWFKPHWKRG
DWDSHSWLGHFRQFHQWUDWLRQRIZW>@)LJXUH%	(

,QWKHFRDVVHPEOHGV\VWHPWKHUHDGLO\GLVVROYHGIXFRLGDQSRZGHUPJP/ZDVPL[HG
ZLWKWKHSHSWLGHSRZGHUWKHQVHOIDVVHPEO\ZDVLQLWLDWHGE\S+FKDQJH)LJXUH&7KH
)PRF)5*')K\GURJHOVXVHGDVDFRQWURORIIXFRLGDQK\GURJHOV6HUXPIUHHYHUVLFDQRUHPSW\
YHFWRUFRQGLWLRQHGPHGLDZDVREWDLQHGIURP+(.7FHOOVWUDQVIHFWHGZLWKD9YHUVLFDQ
FRQVWUXFW RU DQ HPSW\ SF'1$0\F+LV$YHFWRU ,QYLWURJHQ UHVSHFWLYHO\ > @
)LJXUH)





)LJXUH&DUWRRQRIWKHVHOIDVVHPEO\DQGFRDVVHPEO\PHFKDQLVPDQGWKHILQDOK\GURJHOV$
7KHFKHPLFDOVWUXFWXUHRI)PRF)5*')%'LDJUDPIRUWKHVHOIDVVHPEO\RI)PRF)5*'),QZKLFK
WKH)PRFJURXSVVWDFNLQJZLWKHDFKRWKHUE\ʌʌLQWHUDFWLRQVDQGWKHSHSWLGHVHTXHQFHLQWHUORFNLQJWR
IRUPȕVKHHWSDWWHUQZKLFKLQWXUQVKDSHVLQWRQDQRILEULOVDQGWKHQDQRILEULOVLQWHUZHDYHDQGIRUPD
VFDIIROG&7KHFKHPLFDOVWUXFWXUHRIWKHORZPROHFXODUZHLJKWIXFRLGDQVXEXQLW'6FKHPDWLFRI
FRDVVHPEO\RI)PRF)5*')ZLWK IXFRLGDQ ($ VFKHPDWLF RI9YHUVLFDQ QRWH WKH FKRQGURLWLQ
VXOSKDWH VLGH FKDLQVERXQG WR WKH*$*ȕ VXEXQLW )&RDVVHPEO\RI)PRF)5*')ZLWKYHUVLFDQ
FRQGLWLRQHGPHGLDRUHPSW\YHFWRUFRQGLWLRQHGPHGLDUHVXOWLQJWKHVHPROHFXOHVSUHVHQWRQWKHVXUIDFH
RI WKHSHSWLGHQDQRILEULOV *6HOIVXSSRUWLQJK\GURJHORIL)PRF)5*')LL)XFRLGDQLLL
9HUVLFDQFRQGLWLRQHGPHGLDDQGLY(PSW\YHFWRUFRQGLWLRQHGPHGLD
 &RQILUPDWLRQRI9FRQVWUXFWWUDQVIHFWLRQHIIHFWLYHQHVV
7KHLQFRUSRUDWLRQRIIXFRLGDQZLWKSHSWLGHQDQRILEULOVZDVFRQILUPHGLQRXUSUHYLRXVZRUN
>@7RDVVHVVWKHLQFRUSRUDWLRQRIYHUVLFDQLQWRWKH)PRF)5*')VFDIIROGWKHHIIHFWLYHQHVV
RI9YHUVLFDQSURGXFWLRQE\WUDQVIHFWHG+(.7FHOOVZDVFRQILUPHGXVLQJ:HVWHUQEORWWLQJ
DQGWKHDQWL*$*ȕYHUVLFDQDQWLERG\&DW$%0HUFN0LOOLSRUH)LJXUH$$V
H[SHFWHGDSURPLQHQWEDQGZDVREVHUYHGDWaN'DLQYHUVLFDQFRQGLWLRQHGPHGLDZKLFK
ZDVDEVHQWLQWKHHPSW\YHFWRUFRQGLWLRQHGPHGLD>@$VHFRQGaN'DEDQG
ZDVDOVRGHWHFWHGLQYHUVLFDQFRQGLWLRQHGPHGLD7KLVEDQGZDVLGHQWLILHGDVFOHDYHGYHUVLFDQ
DOVR NQRZQ DV YHUVLNLQH >@ DQG LV SURGXFHG E\ SURWHRO\VLV RI YHUVLFDQ E\ $'$076
YHUVLFDQDVHV>@,QWKHFRQWUROLPDJHRIWKH6'63$*(JHOWKHYDULRXVSURWHLQEDQGVRQ




ERWKYHUVLFDQDQGHPSW\YHFWRUODQHVVKRXOGEHQRWHG)LJXUH%7KLVLQGLFDWHVWKDWWKH
+(.FHOOVVHFUHWHSURWHLQVRWKHUWKDQYHUVLFDQKHQFHWKHXVHRIHPSW\YHFWRUPHGLDDVD
FRQWUROLVQHFHVVDU\

7RFRQILUPWKHLQFOXVLRQRIYHUVLFDQE\FRDVVHPEO\XVLQJDFRQGLWLRQHGPHGLD6$3K\GURJHO
LPPXQRKLVWRFKHPLVWU\ZLWKWKHDQWL*$*ȕYHUVLFDQDQWLERG\DQGFRQIRFDOLPDJLQJZHUHXVHG
WRYLVXDOLVHWKHYHUVLFDQZLWKLQWKHK\GURJHO)LJXUH&)XUWKHUPRUHYHUVLFDQZDVQRW
GHWHFWHGLQWKHHPSW\YHFWRUFRQGLWLRQHGPHGLD6$3V\VWHP)LJXUH&D+RZHYHUWKH
VFDIIROG FRDVVHPEOHG ZLWK YHUVLFDQ FRQGLWLRQHG PHGLD WKH VWDLQLQJ ZLWK WKH DQWL*$*ȕ
YHUVLFDQDQWLERG\LQGLFDWHGWKHSUHVHQFHRIYHUVLFDQORFDOLVHGWRWKHSHSWLGHQDQRILEUHVUHG
)LJXUH&E7KHVHILEUHVZHUHDOVRGLVWULEXWHGLQD'DUUDQJHPHQW)LJXUH&F

)LJXUH :HVWHUQ EORW DQG FRQIRFDO LPDJHV RI ODEHOOHG YHUVLFDQ FRPSOH[ $:HVWHUQ EORW
GHPRQVWUDWLQJ WKHSUHVHQFHRIYHUVLFDQLQ WKHYHUVLFDQWUDQVIHFWHGEXWQRWHPSW\YHFWRU WUDQVIHFWHG
FRQGLWLRQHGPHGLD$YHU\WKLFNEDQGDWaN'DVKRZVWKHFRUHSURWHLQUHVLGXHRIFKRQGURLWLQDVH
$%&FOHDYHGYHUVLFDQDQGDQRWKHUEDQGDWaN'D LQGLFDWHVFOHDYHGYHUVLFDQERWKDUHDEVHQW LQ
HPSW\YHFWRUFRQGLWLRQHGPHGLD%:HVWHUQEORWVKRZWKHSURWHLQEDQGVLQWUDQVIHFWHGYHUVLFDQDQG
HPSW\YHFWRUFRQGLWLRQHGPHGLD&&RQIRFDOLPDJHVVKRZHGODEHOOLQJRI9YHUVLFDQFRPSOH[LQWKH
K\GURJHOZLWKDQDQWLYHUVLFDQDQWLERG\UHG&D8QWUDQVIHFWHGFRQGLWLRQHGPHGLD6$3K\GURJHODࡽ
FRUUHVSRQGLQJEULJKWILHOGLPDJH&E7UDQVIHFWHG9YHUVLFDQFRQGLWLRQHGPHGLD6$3K\GURJHOEࡽ
FRUUHVSRQGLQJEULJKWILHOGLPDJH&F=VWDFNRIEVKRZLQJWKUHHGLPHQVLRQDOILEUHV




 ,QYHVWLJDWLRQRIQDQRDQGPLFURVWUXFWXUHVRIK\GURJHOV
7R FKDUDFWHULVH KRZ WKH DGGLWLRQ RI IXFRLGDQ YHUVLFDQ RU HPSW\ YHFWRU FRQGLWLRQHGPHGLD
DIIHFWHG WKHQDQRDQGPLFURVWUXFWXUHRI WKH UHVXOWDQWK\GURJHOV7(0DQG$)0ZHUHXVHG
7(0LPDJHV)LJXUH$'VKRZWKDWLQWKHIRXUJURXSVRIK\GURJHOVQDQRILEULOVZLWKa
QPLQGLDPHWHUDQGPLFURQVLQOHQJWKZHUHIRUPHG$)0LPDJHVLQGLFDWHWKDWDVSUHYLRXVO\
REVHUYHG LQ WKH )PRF)5*')K\GURJHO WKH QDQRILEULOV LQWHUZHDYH DQG IRUPKRPRJHQRXV
QHWZRUN:LWKDIXFRLGDQFRQFHQWUDWLRQRIPJP/VRPH³EXQGOH´IRUPDWLRQZDVREVHUYHG
)LJXUH(	)2XUSUHYLRXVZRUNVKRZHGWKDWDWKLJKHUIXFRLGDQFRQFHQWUDWLRQRIDQG
PJP/ LQGLYLGXDO ILEULOVFDPH WRJHWKHU WR IRUP ODUJHKLJKO\DOLJQHG µEXQGOHV¶DQG WKLV
HIIHFWZDV FRQVHUYHG DW ORZ IXFRLGDQ FRQFHQWUDWLRQV >6HH&KDSWHU @ ,Q WKH YHUVLFDQ DQG
HPSW\YHFWRUK\GURJHOVZKLOHFRDVVHPEO\SURFHVVIRUPHGVLPLODUO\WKLFNEXQGOHVVXJJHVWLQJ
WKHSUHVHQFHRIYHUVLFDQLQWKHFRQGLWLRQHGPHGLDGLGQRWDOWHUVFDIIROGPRUSKRORJ\+RZHYHU
WKH UHVXOWDQW PRUSKRORJLHV ZHUH GLIIHUHQW FRPSDUHG WR WKH )PRF)5*') DQG IXFRLGDQ
VFDIIROGVWKHILEULOVZHUHOHVVOLQHDUDQGPRUHIOH[LEOHZLWKDQLQFUHDVHGGHQVLILFDWLRQ)LJXUH
*	+$VWKHYHUVLFDQDQGHPSW\YHFWRUV\VWHPVZHUHVLPLODULQDSSHDUDQFHLWLVOLNHO\
WKDWWKHSURWHLQVDQGRWKHUELRORJLFDOPROHFXOHVVHFUHWHGE\+(.FHOOVLQWRWKHFRQGLWLRQHG
PHGLDPD\FRQWULEXWHWRWKHGLIIHUHQWPRUSKRORJ\RIWKHVHVFDIIROGVFRPSDUHGWRWKH)PRF
)5*')DQGIXFRLGDQK\GURJHOV





)LJXUH1DQRDQGPLFURPRUSKRORJLHVRIK\GURJHOV7(0LPDJHVLQGLFDWHQDQRILEHUVIRUPHGE\
$)PRF)5*')%)XFRLGDQ&HPSW\YHFWRUDQG'YHUVLFDQK\GURJHOV(+(TXLYDOHQW
VDPSOHVRI$)0LPDJHVVKRZWKHPLFURVWUXFWXUH
 &KDUDFWHULVDWLRQ RI WKH FRDVVHPEOHG VWUXFWXUH PHFKDQLVP DQG
PHFKDQLFDOSURSHUWLHV
7R DVVHVV ZKHWKHU WKH DGGLWLRQ RI IXFRLGDQ YHUVLFDQ DQG HPSW\ YHFWRU FRQGLWLRQHGPHGLD
DIIHFWHGWKHVHOIDVVHPEO\PHFKDQLVPRIWKH)PRF)5*')VFDIIROGWKHVHFRQGDU\VWUXFWXUH
ZDVFKDUDFWHULVHGXVLQJ)7,5DQG&'DQGWKHEXONPHFKDQLFDOSURSHUWLHVRIWKHVFDIIROGVZHUH
GHWHUPLQHGviaRVFLOODWRU\UKHRPHWU\$VVKRZQLQ)LJXUH$WKH)7,5VSHFWUXPKDYHWZR
FRQVHUYHGSHDNVDWFPDQGFPLQWKHDPLGH,UHJLRQLQWKHIRXUV\VWHPVLQGLFDWLQJ
WKH SUHVHQFH RI D FRQVLVWHQW SHSWLGH DUUDQJHPHQW EDVHG DURXQG ȕVKHHW VWUXFWXUHV >@
,PSRUWDQWO\WKHUHDUHQRVKLIWVLQWKHFRDVVHPEO\V\VWHPVZKLFKVKRZVWKDWWKHDGGLWLRQRI
IXFRLGDQ YHUVLFDQ RU HPSW\ YHFWRU FRQGLWLRQHG PHGLD GRHV QRW LQWHUUXSW WKH EURDG VHOI
DVVHPEO\PHFKDQLVP ,Q WKH&'VSHFWUXP)LJXUH% WKH ODUJH WUDQVLWLRQDWaQP
VKRZVWKH&RWWRQHIIHFWLQGXFHGE\Q±ʌWUDQVLWLRQDQGSURYLGHVIXUWKHUFRQILUPDWLRQRIȕ
VKHHWEDVHGVWUXFWXUHH[SHFWHGIURPWKHDVVHPEO\>@UHLQIRUFLQJWKH)7,5UHVXOWV7KHEURDG
WUDQVLWLRQ FHQWUHG DW  QP VKRZV DQ LQFUHDVH LQ PDJQLWXGH GULYHQ E\ LQFUHDVHG
VXSUDPROHFXODURUGHULQJRIQDQRILEULOVDJUHHLQJZLWKRWKHUVLPLODUDVVHPEOLHV>@





7KH K\GURJHOV¶ YLVFRHODVWLF SURSHUWLHV ZHUH WHVWHG XVLQJ SDUDOOHOSODWH UKHRORJLFDO DQDO\VLV
)LJXUH&	'5HVXOWVVKRZHGWKDWLQHDFKV\VWHPWKHHODVWLFPRGXOXV*¶LVJUHDWHUWKDQ
WKHYLVFRXVPRGXOXV*´RYHUD UDQJHRI IUHTXHQFLHV LQGLFDWLQJDVHOIVXSSRUWLQJK\GURJHO
0RUHRYHUWKHFRDVVHPEO\ZLWKIXFRLGDQPJP/YHUVLFDQDQGHPSW\YHFWRUFRQGLWLRQHG
PHGLDLQFUHDVHGWKHVWLIIQHVVRIWKHK\GURJHOVE\DSSUR[LPDWHO\RQHRUGHURIPDJQLWXGH)RU
WKHIXFRLGDQV\VWHPWKHLQFUHDVHLQHODVWLFPRGXOLGLUHFWO\UHVXOWVIURPLQWHUDFWLRQVEHWZHHQ
WKH IXFRLGDQ DQG WKH SHSWLGH ILEULOV IRUPLQJ GHQVH EXQGOHV DV SUHYLRXVO\ REVHUYHG >6HH
&KDSWHU@7KHVWLIIQHVVRIYHUVLFDQDQGHPSW\YHFWRUV\VWHPVZHUHFRPSDUDEOH7KHSURWHLQV
DQG ELRPROHFXOHV VHFUHWHG IURP +(. FHOOV IURP ERWK YHUVLFDQ DQG HPSW\ YHFWRU
FRQGLWLRQHG PHGLD FRQWULEXWHG WR WKH IRUPDWLRQ RI VWLIIHU K\GURJHOV UHVXOWLQJ IURP WKH
GHQVLILFDWLRQRIWKHEXQGOHVRIILEULOV

)LJXUH6HFRQGDU\PROHFXODUSDFNLQJDQGPHFKDQLFDOSURSHUWLHV$)7,5VSHFWURJUDPLQWKH
DPLGH,UHJLRQVKRZVWKHSUHVHQFHRIDQWLSDUDOOHOȕVKHHWVWUXFWXUH%&'VSHFWURJUDPFRQILUPVWKHDQWLSDUDOOHO
ȕVKHHWVWUXFWXUHDQGDOVRVKRZVWKHVXSUDPROHFXODURUGHULQJRIQDQRILEULOVLQHDFKK\GURJHOV5KHRORJLFDO
GDWD RI K\GURJHOV IRUPHG E\ )PRF)5*') DQG  )XFRLGDQ & DQG )PRF)5*')  YHUVLFDQ
FRQGLWLRQHGPHGLDDQGHPSW\YHFWRUFRQGLWLRQHGPHGLD'




 (IIHFW RI FRDVVHPEOHG )PRF6$3 VFDIIROGV RQ FHOO YLDELOLW\ DQG
PHWDEROLFDFWLYLW\
7KHELRORJLFDOFRPSDWLELOLW\DQGDFWLYLW\RI WKHFRDVVHPEOHGVFDIIROGVZHUH LQYHVWLJDWHG in 
vitro XVLQJ && PXULQH P\REODVWV D FRPPRQO\ XVHG PRGHO IRU LQYHVWLJDWLQJ FHOOXODU
SURFHVVHV UHODWLQJ WRP\RJHQHVLVDQGPXVFOHFHOOJURZWK >@7RDVVHVV WKHHIIHFWVRI WKH
VFDIIROGVRQFHOOYLDELOLW\DQGJURZWKDWKSRVWVHHGLQJWZRDVVD\VZHUHXVHGJOXFRVH
SKRVSKDWHGHK\GURJHQDVH*3'F\WRWR[LFLW\DVVD\)LJXUH$	&DQGD%&$SURWHLQ
DVVD\)LJXUH%	'

&HOO YLDELOLW\ ZDV VLPLODU EHWZHHQ P\REODVWV VHHGHG RQ WKH )PRF)5*') VFDIIROG DQG
IXFRLGDQVFDIIROG)LJXUH$7KLVREVHUYDWLRQLVLQDFFRUGDQFHZLWKILQGLQJVRI/HHet al.
ZKHUHVROXEOHIXFRLGDQKDGQRHIIHFWRQ&&FHOOYLDELOLW\GXULQJP\RJHQLFGLIIHUHQWLDWLRQ
DWFRQFHQWUDWLRQVRIXSWRPJP/DQHIIHFWWKDWVHHPVWREHFRQVHUYHGLQWKHLPPRELOLVHG
PROHFXOH>@0\REODVWVZHUHFXOWXUHGLQJURZWKIDFWRUULFKPHGLD'0(0FRQWDLQLQJ
)%6 WR VWLPXODWHV SUROLIHUDWLRQ WKH WRWDO SURWHLQ FRQWHQW ZDV VLPLODU EHWZHHQ P\REODVWV
FXOWXUHG RQ WKH )PRF)5*') DQG IXFRLGDQ VFDIIROGV )LJXUH % VXJJHVWLQJ WKDW FHOO
SUROLIHUDWLRQDQGRUSURWHLQV\QWKHVLVZHUHQRWDIIHFWHGE\LPPRELOLVHGIXFRLGDQ





)LJXUH5HODWLYHFHOOYLDELOLW\DQGUHODWLYHWRWDOSURWHLQFRQWHQWV&&P\REODVWYLDELOLW\DQG
WRWDO SURWHLQ FRQWHQW ZDV DVVHVVHG DW  K SRVWVHHGLQJ XVLQJ JOXFRVHSKRVSKDWH GHK\GURJHQDVH
*3'DVVD\DQGWRWDOSURWHLQFRQWHQWZDVWHVWHGXVLQJ%&$DVVD\ZDVXVHGDSUR[\PHDVXUHIRUFHOO
JURZWK DQG SUROLIHUDWLRQ $&HOO YLDELOLW\ DQG % WRWDO SURWHLQ FRQWHQW IRU FHOOV VHHGHG LQ )PRF
)5*') DQG  )XFRLGDQ K\GURJHOV 'DWD ZDV QRUPDOLVHG EDVHG RQ )PRF)5*') JURXS & &HOO
YLDELOLW\DQG'WRWDOSURWHLQFRQWHQWIRUFHOOVVHHGHGLQ(PSW\YHFWRUDQG9HUVLFDQK\GURJHOV'DWD
ZDVQRUPDOLVHGEDVHGRQHPSW\YHFWRUJURXS([SHULPHQWVZHUHGRQHLQWULSOLFDWHZLWKWKUHHUHSOLFDWH
VDPSOHVIRUHDFKLQGHSHQGHQWH[SHULPHQW5HVXOWVZHUHH[SUHVVHGDVPHDQ6(DQGVLJQLILFDQFHZDV
FDOFXODWHGXVLQJD6WXGHQWSDLUHGWZRWDLOHGtWHVWEHWZHHQFRQWURODQGWHVWJURXSV'DWDZHUHFRQVLGHUHG
VWDWLVWLFDOO\VLJQLILFDQWZKHQDpYDOXHZDVREWDLQHG
7KHSURWHRJO\FDQYHUVLFDQZDVVHOHFWHGDVDFDQGLGDWHPROHFXOHDVLWLVKLJKO\H[SUHVVHGGXULQJ
GHYHORSPHQWDQGE\GLYLGLQJFHOOVDVSDUWRIDWUDQVLWLRQDOPDWUL[>@,WLVUHPRGHOOHG
E\$'$076YHUVLFDQDVHVWRSURGXFHDELRORJLFDODFWLYHN'SHSWLGHIUDJPHQWNQRZQDV
YHUVLNLQH >@7KLV UHPRGHOOLQJRI YHUVLFDQ LV UHTXLUHG IRUP\REODVW IXVLRQ DQGP\RILEUH
IRUPDWLRQ>@+RZHYHULQDQRWKHUELRORJLFDOFRQWHQWYHUVLNLQHKDVEHHQVKRZQWRVWLPXODWH
DSRSWRVLV>@6LQFH&&P\REODVWVV\QWKHVLVHDQGVHFUHWH$'$076YHUVLFDQDVHV>@
LW LVTXLWH OLNHO\ WKDWYHUVLFDQ LQFRUSRUDWHG LQWR WKHVFDIIROGVFDQEHIXUWKHUUHPRGHOOHG LQWR
YHUVLNLQH9HUVLNLQH IUDJPHQWVZHUHGHWHFWHG LQ WKHFRQGLWLRQHGPHGLDDQGZDVSUHVXPDEO\
LQFRUSRUDWHGLQWRWKHVFDIIROGV)LJXUH%+RZHYHUWKLVKDGQRHIIHFWRQFHOOYLDELOLW\RU




JURZWKDV*3'DFWLYLW\ZDVVLPLODUEHWZHHQ&&P\REODVWVFXOWXUHGRQYHUVLFDQDQGWKH
HPSW\YHFWRUVFDIIROGV)LJXUH&DVZDVWRWDOSURWHLQFRQWHQW)LJXUH'
 (IIHFWRIFRDVVHPEOHG)PRF6$3VFDIIROGVRQFHOOVSUHDGLQJDQGDUHD
&& P\REODVWV ZHUH VHHGHG RQ DOO IRXU K\GURJHOV DQG FDOFHLQ $0SURSLGLXP LRGLQH
OLYHGHDGVWDLQLQJZDVWKHQXVHGWRDVVHVVFHOOPRUSKRORJ\DQGLQWHJUDWLRQZLWKWKHVFDIIROGVDW
KDQGKSRVWVHHGLQJ&HOOVPLJUDWHGLQWRDOOWKHIRXUK\GURJHOVDQGGLVWULEXWHGHYHQO\
WKURXJKRXW WKH YROXPH RI WKH K\GURJHO &RQVLVWHQW ZLWK WKH ILQGLQJV IURP WKH *3'
F\WRWR[LFLW\DVVD\RQDOOVFDIIROGVXVHG&&P\REODVWVGLVSOD\HGKLJKOHYHOVRIYLDELOLW\DW
KDQGKSRVWVHHGLQJ)LJXUH$$WKSRVWVHHGLQJP\REODVWVRQDOOVFDIIROGV
GLVSOD\HGDURXQGHGPRUSKRORJ\+RZHYHUE\KLQWKH)PRF)5*')YHUVLFDQDQGHPSW\
YHFWRU VFDIIROGVFHOOVGLVSOD\HGQXPHURXVSURPLQHQWF\WRSODVPLFSURMHFWLRQVDQG LQFUHDVHG
FHOOVSUHDGLQJ&RQYHUVHO\P\REODVWVLQWKHIXFRLGDQK\GURJHOFHOOVZHUHVPDOOZLWKDURXQGHG
RUVSLQGOHVKDSHGPRUSKRORJ\ZLWKIHZHUF\WRSODVPLFSURMHFWLRQV7RPRUHWKRURXJKO\DVVHVV
WKH HIIHFWV RI IXFRLGDQ DQG YHUVLFDQ LQFRUSRUDWLRQ RQ P\REODVW VL]H DQG VSUHDGLQJ
FRPSXWHULVHGLPDJHDQDO\VLVZDVSHUIRUPHG%HWZHHQKWRKSRVWVHHGLQJDYHUDJHFHOO
VL]HLQFUHDVHGE\ppDQGpUHVSHFWLYHO\LQ
)PRF)5*')HPSW\YHFWRUDQGYHUVLFDQVFDIIROGVEHWZHHQKWRKSRVWVHHGLQJ:KLOVW
WKHDYHUDJHFHOOVL]HLQWKHIXFRLGDQK\GURJHOGLGQRWLQFUHDVHEHWZHHQDQGKSRVWVHHGLQJ
$W  K SRVW VHHGLQJ WKHUHZHUHPRUH µVPDOOHU¶ FHOOVZLWK DQ DUHD μP LQ IXFRLGDQ
VFDIIROG p   ZKHQ FRPSDUHG WR WKH )PRF)5*') VFDIIROG &RQVLVWHQW ZLWK WKLV
REVHUYDWLRQWKHIXFRLGDQVFDIIROGFRQWDLQHGIHZHUµODUJHU¶FHOOVZLWKDQDUHDRIͲμP
p DQGͲμPp DVFRPSDUHGWRWKH)PRF)5*')VFDIIROG)LJXUH
%%\KSRVWVHHGLQJWKHHIIHFWRIIXFRLGDQRQFHOOVL]HZDVHYHQPRUHDSSDUHQW)LJXUH
&2QWKHIXFRLGDQVFDIIROGFRPSDUHGWRWKH)PRF)5*')WKHUHZHUHPRUHµVPDOOHU¶




FHOOVμPp DQGͲμPp DQGIHZHUµODUJHU¶FHOOVͲμP
p μPp DQG!μPp 

$GKHVLRQ LV D FRPSOH[ SURFHVV LQYROYLQJ VHYHUDO VWHSV LQFOXGLQJ LQLWLDO DWWDFKPHQW
PRELOLVDWLRQ RI WKH F\WRVNHOHWRQ DQG VXEVHTXHQW VSUHDGLQJ >@:H K\SRWKHVLVH WKDW WKH
UHGXFWLRQLQFHOOVL]HLQWKHIXFRLGDQK\GURJHOLVGXHWRDOWHUHGDGKHVLRQDQGFHOOVSUHDGLQJ
3RO\VXOSKRQDWHGSRO\VDFFKDULGHVVXFKDVIXFRLGDQLQKLELWVWKHDFWLYDWLRQDQGUHFHSWRUELQGLQJ
RIJURZWKIDFWRUVZKLFKZLOOGHFUHDVHFHOOVSUHDGLQJ2XUUHVXOWVRIWKHHIIHFWRIIXFRLGDQLQ
FHOOXODUPRUSKRORJ\ DUH VXSSRUWHG E\/HH et al.ZKHUH XVLQJ D WUDGLWLRQDO ' FHOO FXOWXUH
V\VWHPDQGGLIIHUHQWLDWLQJP\REODVWV WKH\ VKRZHG WKDW IXFRLGDQGLVUXSWHG FHOOPRUSKRORJ\
WKURXJKWKH0$3.SDWKZD\DQGE\UHJXODWLQJUHDFWLYHR[\JHQVSHFLHVDFWLYLW\LQ&&FHOOV
>@+RZHYHUNQRZOHGJHUHODWHGWRWKHGHWDLOHGELRFKHPLVWU\RIWKHVHHYHQWVLVOLPLWHGGXH
WR DGKHVLRQ LV D FRPSOH[ SURFHVV LQYROYLQJ VHYHUDO VWHSV LQFOXGLQJ LQLWLDO DWWDFKPHQW
PRELOLVDWLRQRIWKHF\WRVNHOHWRQDQGVXEVHTXHQWVSUHDGLQJ>@

7KHHIIHFWVRIYHUVLFDQRQFHOOVL]HDQGVSUHDGLQJZHUHPRUHVXEWOHDQGRQO\HYLGHQWDWK
SRVWVHHGLQJ:KHQFRPSDUHGWRWKHHPSW\YHFWRUVFDIIROGDWKSRVWVHHGLQJWKHYHUVLFDQ
VFDIIROGKDGPRUHµVPDOOHU¶FHOOVPLQVL]HDQGIHZHUODUJHUFHOOV!Pp 
 LQ)LJXUH' LQGLFDWLQJ WKDW WKH LQFRUSRUDWLRQRI IXOO OHQJWK9YHUVLFDQ LQWR WKH
VFDIIROGOLPLWVFHOODGKHVLRQDQGRUVSUHDGLQJ(DUOLHUVWXGLHVKDYHVKRZQWKDWYHUVLFDQLQKLELWV





)LJXUH/LYHGHDGVWDLQLQJ LPDJHVDQGFHOOVSUHDGLQJDUHD $/LYHGHDGVWDLQLQJRI&&
FHOOVLQWKHIRXUJURXSVRIK\GURJHOV/LYHFHOOVVKRZLQJUHHQDQGGHDGFHOOVVKRZLQUHG%(&HOO
VSUHDGLQJDUHDFDOFXODWHGXVLQJ,PDJH-EDVHGRQWKHOLYHGHDGVWDLQLQJLPDJHVLQWKHIRXUJURXSV5HVXOWV
ZHUHH[SUHVVHGDVPHDQ6(DQGVLJQLILFDQFHZDVFDOFXODWHGXVLQJD6WXGHQWSDLUHGWZRWDLOHGWWHVW
EHWZHHQFRQWURODQGWHVWJURXSV'DWDZHUHFRQVLGHUHGVWDWLVWLFDOO\VLJQLILFDQWZKHQDpYDOXH
ZDVREWDLQHGppp
ILEUREODVWVDGKHVLRQZKLFKZLOOOHDGWROHVVVSUHDGLQJWRVXEVWUDWXP>@DQGWKLVHIIHFW
DSSHDUVWREHGXHWRWKHELRORJLFDODFWLYLW\RIWKH*GRPDLQRIYHUVLFDQ>@2XUREVHUYDWLRQ
HFKRHVFHOOFXOWXUHILQGLQJVE\(YDQNRet al. XVLQJKXPDQSULPDU\7FHOOVZKHUHWKHLQFOXVLRQ




RIYHUVLFDQRUYHUVLFDQFRUHSURWHLQZLWKRXWFKRQGURLWLQVXOSKDWHFKDLQVRQK\DOXURQDQFRDWHG
FHOO FXOWXUH GLVKHV VLJQLILFDQWO\ SURPRWHG FHOO URXQGLQJ DQG OLPLWHG VSUHDGLQJ LQWR D PRUH
DPRHERLG VKDSH >@ %\  K SRVW VHHGLQJ FHOO VL]H ZDV VLPLODU LQ ERWK WKH YHUVLFDQ
FRQGLWLRQHGPHGLDDQGHPSW\YHFWRUFRQGLWLRQHGPHGLDVFDIIROG)LJXUH(0\REODVWV
KDYHVKRZQWRUDSLGO\VHFUHWHDQGRUJDQLVHWKHLURZQPDWUL[JO\FRSURWHLQVWRFUHDWHDORFDOLVHG
(&0 PLFURHQYLURQPHQW DQG DUH DFWLYHO\ LQYROYHG LQ UHPRGHOOLQJ WKDW PLFURHQYLURQPHQW
WKURXJKWKHVHFUHWLRQRI(&0SURWHDVHV>@7KHWUDQVLHQWHIIHFWRIYHUVLFDQRQFHOOVL]HPD\
EHDWWULEXWHGWRYHUVLFDQEHLQJGHJUDGHGE\$'$076YHUVLFDQDVHVVHFUHWHGE\&&>
@ VXFK WKDW E\  K SRVW VHHGLQJ WKHUH LV YHU\ OLWWOH YHUVLFDQ OHIW LQ WKH VFDIIROG 7KLV
K\SRWKHVLVVWLOOQHHGVWREHFRQILUPHGE\:HVWHUQEORWWLQJRIVROXELOLVHGVFDIIROGVDQGFHOOVRU
LPPXQRKLVWRFKHPLFDOVWUDLQLQJRIVFDIIROGVVKRZLQJDUHGXFWLRQLQIXOOOHQJWKYHUVLFDQDQGDQ
LQFUHDVHLQYHUVLNLQHDWKSRVWVHHGLQJ
 (IIHFW RIPRGLILHG )PRF6$3V RQ WKH IRUPDWLRQ RIPXOWLQXFOHDWHG
V\QF\WLD
0\RJHQHVLVGLIIHUHQWLDWLRQLVDPXOWLVWHSSURFHVVLQZKLFKP\REODVWVFHDVHWRGLYLGHDQGIXVH
LQWRPXOWLQXFOHDWHGP\RWXEHV>@In vitro, WKLVSURFHVVKDSSHQVVSRQWDQHRXVO\SURYLGHGFHOOV
DUHLQFORVHSUR[LPLW\>@DQGLQFOXGHVVHYHUDOSURFHVVHVVXFKDVFHOOVSUHDGLQJDJJUHJDWLRQ
DQGIXVLRQDQGXOWLPDWHO\JLYHULVHWRPXOWLQXFOHDWHGPXVFOHILEUHV>@7RDVVHVVZKHWKHU
&&P\REODVWVVHHGHGRQWRVFDIIROGVIRUPPXOWLQXFOHDWHGV\QF\WLDFHOOVZHUHVWDLQHGZLWK
WKHDFWLQVWDLQSKDOORLGLQDQGWKHQXFOHDUFRXQWHUVWDLQ'$3,DWKSRVWVHHGLQJ'LJLWDOLPDJHV
ZHUH FDSWXUHG DQG FRPSXWHULVHG LPDJH DQDO\VLV VRIWZDUHZDV XVHG WR FRXQW WKH QXPEHU RI
QXFOHLLQHDFKGLVFUHWHFHOOXODUFOXVWHU,WKDVWREHPHQWLRQHGWKDWLQWKLVVWXG\IXOOP\RJHQLF
GLIIHUHQWLDWLRQZDVQRWDVVHVVHG,QFRUSRUDWLRQRIIXFRLGDQLQWRWKHVFDIIROGVQRWRQO\OLPLWHG
FHOOVSUHDGLQJ)LJXUHEXWDOVRUHGXFHGWKHIRUPDWLRQRIPXOWLQXFOHDWHGV\QF\WLD7KH




SURSRUWLRQRIFHOOVFRQWDLQQXFOHLpDQG!QXFOHLpZDVORZHULQWKH
IXFRLGDQ VFDIIROG FRPSDUHG WR WKH )PRF)5*') FRQWURO VFDIIROG )XUWKHUPRUH IXFRLGDQ
VFDIIROGKDGVLJQLILFDQWPRUHPRQRQXFOHDU&&P\REODVWVp)LJXUH$	%
,WLVSRVVLEOHWKDWLQFRUSRUDWLRQRIIXFRLGDQLQWRWKHVFDIIROGVOLPLWHGP\RJHQLFGLIIHUHQWLDWLQJ
LQWRPXOWLQXFOHDWHG FHOOV GXH WR OLPLWHG VSUHDGLQJ ,QGHHG /HH et al. KDYH VKRZQ WKDW WKH
DGGLWLRQ RI IXFRLGDQ WR && FHOO FXOWXUHPHGLD UHGXFHG WKH H[SUHVVLRQ RI WKHP\RJHQLF
UHJXODWRU\ IDFWRUV DQG LQKLELWHG WKHPRUSKRORJLFDO FKDQJHV WKDWRFFXUGXULQJGLIIHUHQWLDWLRQ
>@

)LJXUH'$3,DFWLQVWDLQLQJLPDJHVDQGQXFOHDUQXPEHU$'$3,DFWLQVWDLQLQJRQGD\%
1XFOHDU QXPEHU FRXQWHG E\ ,PDJH- EDVHG RQ'$3$DFWLQ VWDLQLQJ LPDJHV RI )PRF)5*') DQG 
)XFRLGDQJURXSV&1XFOHDUQXPEHUFRXQWHGE\,PDJH-EDVHGRQ'$3$DFWLQVWDLQLQJLPDJHVRI
9HUVLFDQ DQG (PSW\ YHFWRU JURXSV5HVXOWVZHUH H[SUHVVHG DVPHDQ  6( DQG VLJQLILFDQFHZDV
FDOFXODWHGXVLQJD6WXGHQWSDLUHGWZRWDLOHGWWHVWEHWZHHQFRQWURODQGWHVWJURXSV'DWDZHUHFRQVLGHUHG
VWDWLVWLFDOO\VLJQLILFDQWZKHQDSYDOXHZDVREWDLQHG p
8QOLNHIXFRLGDQE\KSRVWVHHGLQJWKHIRUPDWLRQRIPXOWLQXFOHDWHGV\QF\WLDZDVVLPLODULQ
VFDIIROGV FRQWDLQLQJ YHUVLFDQ RU HPSW\ YHFWRU FRQGLWLRQHG PHGLD )LJXUH $	& ,Q
FXOWXUHG && P\REODVWV H[FHVV YHUVLFDQ LQKLELWHG P\REODVW IXVLRQ LQWR PXOWLQXFOHDWHG
PXVFOHV ILEUHV >@ WKH IDFW WKDWYHUVLFDQ LQFRUSRUDWLRQ LQWRVFDIIROGVGLGQRWGHFUHDVH WKH




QXPEHURIPXOWLQXFOHDWHGPXVFOHFHOOVLWPLJKWEHDWWULEXWHGWRWKDWYHUVLFDQZDVGHJUDGHGE\
$'$076YHUVLFDQDVHVDVGLVFXVVHGDERYH>@)URP'$3,VWDLQLQJZHFDQJHWVLPLODUWRWDO
QXFOHDU QXPEHU SHU LPDJH WKLV UHVXOW LV UHLQIRUFHG WKH%&$ DVVD\ZKHUH WKH WRWDO SURWHLQ
FRQWHQWVKDYHQRVLJQLILFDQWGLIIHUHQFHEHWZHHQHDFKJURXSV)LJXUH%	'
&RQFOXVLRQ
7KH XVH RI V\QWKHWLFPDWHULDOV WRPLPLF WKH QDWXUDO (&0 IRU VWHP FHOO UHVHDUFK LV D JUHDW
FKDOOHQJH HVSHFLDOO\ VLQFH PRVW FHOO FXOWXUH DSSURDFKHV DUH ' DQG GR QRW PRGHO WKH
FRPSOH[LWLHVRIWKHVWHPFHOOQLFKH6$3VKDYHEHHQVKRZQJUHDWSRWHQWLDOIRU'FHOOFXOWXUH
DQGWLVVXHHQJLQHHULQJDSSOLFDWLRQV:HKDYHGHPRQVWUDWHGWKHELRFRPSDWLELOLW\RIILEURQHFWLQ
EDVHG6$3V LQ&KDSWHU DQG FRDVVHPEO\ZLWK IXFRLGDQKDV EHHQXVHG DV DQ DQWLFDQFHU
PDWHULDOV&KDSWHU,QWKLVFKDSWHUFRDVVHPEOHG6$3V\VWHPVZLWKIXFRLGDQDQGYHUVLFDQ
FRQGLWLRQHGPHGLDVKRZHGDGLIIHUHQWVWUXFWXUDOPRUSKRORJ\DQGGLVWLQFWELRORJLFDOHIIHFWVRQ
&&P\REODVWV,PSRUWDQWO\WKHLQFRUSRUDWLRQRIIXFRLGDQYHUVLFDQRUHPSW\YHFWRULQWRWKH
)PRF)5*')VFDIIROGGRHVQRWLQWHUUXSWWKHVHOIDVVHPEO\PHFKDQLVP,QYHUVLFDQDQGHPSW\
YHFWRUVFDIIROGVWKHQDQRILEULOVIRUPHGWKLFNEXQGOHVZKLOVWWKHVHEXQGOHVZHUHQRWREVHUYHG
LQ)PRF)5*')DORQHDQGIXFRLGDQVFDIIROGV)XUWKHUPRUHWKHLQFRUSRUDWLRQRIYHUVLFDQDQG
HPSW\ YHFWRU FRQGLWLRQHGPHGLD LQFUHDVHG VWLIIQHVV DURXQGIROG FRPSDUHG WR WKH )PRF
)5*')K\GURJHO,QWHUHVWLQJO\ZKHQFXOWXULQJ&&P\REODVWVLQWKHVHIRXUWKHVFDIIROGV
FHOOYLDELOLW\DQGJURZWKUDWHDVLQGLFDWHGE\WRWDOSURWHLQFRQWHQWZHUHVLPLODUIRUXSWRK
SRVWVHHGLQJ+RZHYHUP\REODVWVLQIXFRLGDQVFDIIROGZHUHVPDOOHUVL]HDWERWKKDQGK
SRVWVHHGLQJDQGWKHIRUPDWLRQRIPXOWLQXFOHDWHGV\QWKHWLDZDVUHGXFHGZKLFKVKRZVWKDWWKH
LQFRUSRUDWLRQ RI IXFRLGDQ LQWR WKH VFDIIROG OLPLW WKH VSUHDGLQJ RI && P\REODVWV )RU
P\REODVWVFXOWXUHGRQWKHYHUVLFDQVFDIIROGDKLJKHUQXPEHURIVPDOOHUFHOOVZDVREVHUYHGDW
KSRVWVHHGLQJZKLOHWKHUHDUHQRVLJQLILFDQWGLIIHUHQFHDWKSRVWVHHGLQJFRPSDUHGWR




P\REODVWVVHHGHGRQWKHHPSW\YHFWRUVFDIIROG:HK\SRWKHVLVHWKDWWKLVPLJKWEHDWWULEXWHGWR
WKH UHPRGHOOLQJ RI YHUVLFDQ E\ H[WUDFHOOXODU PDWUL[ YHUVLFDQDVHV VHFUHWHG E\ WKH &&
P\REODVWV,QFRQFOXVLRQWKHFRDVVHPEOHGVFDIIROGVDUHELRFRPSDWLEOHDQGFDQEHPDQLSXODWHG
WRKDYHGLVWLQFWELRORJLFDOHIIHFWVE\LQFRUSRUDWLRQRIGLIIHUHQWPDFURELRPROHFXOHV7KLVPDNHV
WKHVHVFDIIROGVYHU\JRRGG\QDPLFELRPDWHULDOFDQGLGDWHVIRUIXWXUH'VWHPFHOOFXOWXUHZRUN
DOORZLQJWKHPWREHFXVWRPLVHGIRUYHU\VSHFLILFDSSOLFDWLRQVDQGWRGLUHFWYHU\VSHFLILFFHOO
EHKDYLRXUV
 


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
&KDSWHU 7DLORULQJ0LQLPDOLVW6HOI$VVHPEOLQJ
3HSWLGHVIRU&HQWUDO1HUYRXV6\VWHP5HSDLUDQG
/RFDOLVHG9LUXV9HFWRU*HQH'HOLYHU\
7KLVFKDSWHUZLOOH[WHQGWKHZRUNFRPSOHWHGLQWKHSUHYLRXVFKDSWHUVE\PDNLQJSUHOLPLQDU\
VWXGLHVRIWKHin vivoDSSOLFDWLRQVRI)PRF6$3V+HUHZHLQLWLDOO\LQYHVWLJDWHGWKHHIIHFWRI
GLIIHUHQW (&0 SURWHLQ GHULYHG )PRF6$3V RQ WKH VXUYLYDO DQG LQWHJUDWLRQ RI WUDQVSODQWHG
QHXUDOSURJHQLWRUFHOOVLQWKHLQWDFWPRXVHEUDLQ:HWKHQGHPRQVWUDWHGWKHHIIHFWLYHQHVVRID
ODPLQLQ GHULYHG)PRF6$3ZLWK WKH DGGLWLRQ RI D SRVLWLYHO\ FKDUJHG O\VLQH . UHVLGXH WR
',.9$9 VHTXHQFH DV D YLUDO YHFWRU JHQH GHOLYHU\ YHKLFOH LQ RUGHU WR ORFDOLVH FHOO GHULYHG
JURZWKIDFWRUSURGXFWLRQZLWKLQWKHPLFURHQYLURQPHQW


&RQWULEXWLRQRIWKHFDQGLGDWH
,GLG$)0DQG)7,5H[SHULPHQWV


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
Publications relevant to this chapter: 
$OH[DQGUD/5RGULJXH]7LQJ<:DQJ.LDUD)%UXJJHPDQ&RQRU+RUJDQ5XL/L5LFKDUG
-:LOOLDPV&ODUH/3DULVK'DYLG51LVEHW In vivo DVVHVVPHQWRIJUDIWHGFRUWLFDOQHXUDO
SURJHQLWRUFHOOVDQGKRVWUHVSRQVHWRIXQFWLRQDOL]HGVHOIDVVHPEOLQJSHSWLGHK\GURJHOVDQGWKH
LPSOLFDWLRQV IRU WLVVXH UHSDLU Journal of Materials Chemistry B,   
5HSURGXFHGZLWKSHUPLVVLRQIURP5R\DO6RFLHW\&KHPLVWU\

$OH[DQGUD/5RGULJXH]7LQJ<L:DQJ.LDUD)%UXJJHPDQ5XL/L5LFKDUG-:LOOLDPV
&ODUH / 3DULVK DQG 'DYLG 5 1LVEHW 7DLORULQJ PLQLPDOLVW VHOIDVVHPEOLQJ SHSWLGHV IRU
ORFDOLVHGYLUDOYHFWRUJHQHGHOLYHU\Nano Research5HSURGXFHGZLWK
SHUPLVVLRQIURP6FLHQFH'LUHFW
$EVWUDFW
,Q WKLV FKDSWHU ZH ILUVWO\ GHVLJQHG WKUHH )PRF6$3V FRQWDLQLQJ YDU\LQJ ELRDFWLYH SHSWLGH
VHTXHQFHVGHULYHGIURPWZR(&0SURWHLQVODPLQLQDQGILEURQHFWLQDQGGHPRQVWUDWHGWKDWWKH
)PRF6$3V DUH ELRFRPSDWLEOH in vivo DQG VXLWHG DV D GHOLYHU\ WRRO IRU FHOO WUDQVSODQWDWLRQ
WKHUDS\)PRF6$3VGHOLYHULQJFRUWLFDOQHXUDOSURJHQLWRUFHOOVLQWRWKHPRXVHEUDLQGLVSOD\D
OLPLWHGIRUHLJQERG\UHVSRQVHHIIHFWLYHIXQFWLRQDOLVDWLRQDQGORZF\WRWR[LFLW\IRUDWOHDVW
GD\V7KHVHUHVXOWVKLJKOLJKW WKHVXLWDELOLW\RI)PRF6$3VIRU LPSURYHGQHXUDO WLVVXHUHSDLU
WKURXJKWKHVXSSRUWRIJUDIWHGFHOOVDQGDGMDFHQWKRVWSDUHQFK\PD:HWKHQVKRZHG)PRF6$3
K\GURJHOVWKDWGHVLJQHGIRUWLVVXHVSHFLILFFHQWUDOQHUYRXVV\VWHPDSSOLFDWLRQVviaLQFRUSRUDWLRQ
RIWKHODPLQLQSHSWLGHVHTXHQFH,.9$9DUHHIIHFWLYHDVELRFRPSDWLEOHORFDOLVHGYLUDOYHFWRU
JHQH GHOLYHU\ YHKLFOHV in vivo 7KURXJK WKH DGGLWLRQ RI D &WHUPLQDO . UHVLGXH LQFUHDVHG
HOHFWURVWDWLF LQWHUDFWLRQV SURYLGHG E\ WKH DGGLWLRQDO DPLQH VLGHFKDLQ DOORZV WKH HIIHFWLYH
LPPRELOLVDWLRQRIOHQWLYLUDOYHFWRUSDUWLFOHVWKHUHE\FRQVWUDLQLQJWKHLUDFWLYLW\H[FOXVLYHO\WR
WKHVLWHRILQMHFWLRQDQGHQDEOLQJIRFDOJHQHGHOLYHU\in vivo,PSRUWDQWO\LPPRELOLVDWLRQRIWKH
YLUXVRQO\HIIHFWHGWUDQVIHFWLRQFHOOQXPEHUDQGYROXPHZLWKRXWFRPSURPLVLQJRQWUDQVIHFWLRQ
HIILFLHQF\7KLV K\GURJHO DOORZV WKH VXVWDLQHG DQG WDUJHWHG GHOLYHU\ RI JURZWK IDFWRUV SRVW




LQMXU\ 7KHUHIRUH ZH KDYH HVWDEOLVKHG )PRF6$3V DV D YHUVDWLOH SODWIRUP IRU HQKDQFHG
ELRPDWHULDOGHVLJQIRUDUDQJHRIin vivoWLVVXHHQJLQHHULQJDSSOLFDWLRQV
 ,QWURGXFWLRQ
&XUUHQWO\FHQWUDOQHUYRXVV\VWHP&16UHSDLUSURYLGHVOLPLWHGUHJHQHUDWLYHFDSDFLW\RIQHXUDO
WLVVXH7KHUHIRUHWKHUHSDLURI&16LVVWLOODJUHDWFKDOOHQJH&HOOWUDQVSODQWDWLRQWKHUDS\RIIHUV
DSURPLVLQJDOWHUQDWLYHWKURXJKLPSODQWLQJFHOOVLQWRWKHVLWHRILQMXU\LQRUGHUWRUHJHQHUDWH
DQG UHSDLU GDPDJHG QHXUDO WLVVXH WKHUHE\ SURYLGLQJ V\PSWRPDWLF UHOLHI WR SDWLHQWV >@
%LRPDWHULDOV KDYH HPHUJHG DV SRWHQWLDO WRROV IRU VXFK WLVVXH UHSDLU E\ SURGXFLQJ D
PRUSKRORJLFDODQGELRFKHPLFDO(&0PLPLFWKDWFDQVXSSRUWWUDQVSODQWHGFHOOVDWDQLQMXU\VLWH
UHGXFLQJWKHLPSDFWRIIXUWKHUGHJHQHUDWLRQWRVXUURXQGLQJWLVVXHVDQGXOWLPDWHO\UHSDLULQJWKH
GDPDJHGVLWH+HQFHLWUHTXLUHVELRFRPSDWLEOHIXQFWLRQDOLVHGPDWHULDOVLQWRZKLFKFHOOVFDQ
EH FXOWXUHG DV D YHFWRU IRU WUDQVSODQWDWLRQ DQG RQFH LPSODQWHG in vivo FDQ GHFUHDVH WKH
LQIODPPDWRU\UHVSRQVHDQGDOORZWKHWUDQVSODQWHGFHOOVWRLQILOWUDWHWKHKRVWWLVVXHE\SURYLGLQJ
DSHUPLVVLYHJUDIWKRVWLQWHUIDFH

9LUDO YHFWRU JHQH GHOLYHU\ KROGV DQ LPSRUWDQW SRVLWLRQ LQ WKH GHYHORSPHQW RI WKHUDSHXWLF
WUHDWPHQWV IRU PDQ\ GLVHDVHV VXFK DV FDQFHU DXWRLPPXQH GLVHDVHV DQG QHXURGHJHQHUDWLYH
GLVHDVHV > @ 6SHFLDOO\ WKH WUDQVSRUW RI QHXURWURSKLQV WR GLVHDVHG &16 KDV VKRZQ
VLJQLILFDQW SRWHQWLDO LQ GHOD\LQJ GLVHDVH SURJUHVVLRQ DQG SURPRWLQJ UHJHQHUDWLRQ GXH WR LWV
OLPLWHGFDSDFLW\IRUVHOIUHSDLULQWKHEUDLQDQGVSLQDOFRUG>@6RPHUHVHDUFKVKRZV
WKDW WKLV PHWKRG FDQ DOVR OLPLW WKH VL]H RI WKH LQMXUHG DUHD E\ SUHVHUYLQJ WKH VXUURXQGLQJ
SDUHQFK\PDIURPVXERUGLQDWHGHJHQHUDWLRQLQDFXWHLQMXULHVVXFKDVWUDXPDWLFEUDLQLQMXU\RU
VWURNHFRQVHTXHQWO\LQFUHDVLQJ WKHWRWDOFDSDFLW\IRU&16UHJHQHUDWLRQ>@+RZHYHUWKH
DSSOLFDWLRQVRIFXUUHQWDSSURDFKHVLQGHOLYHULQJJURZWKIDFWRUDUHOLPLWHGGXHWRWKHLUVKRUWKDOI




OLIHGLIILFXOW\LQSHQHWUDWLQJWKHEORRGEUDLQEDUULHUDQGVXVFHSWLELOLW\WRHQ]\PHGHJUDGDWLRQ
WKHUHE\UHTXLULQJKLJKDPRXQWRIJURZWKIDFWRUVWRDFKLHYHHIIHFWLYHWKHUDSHXWLFEHQHILW>@
$OWKRXJKWKHUHKDVEHHQVXFFHVVLQGHOLYHULQJJHQHWLFPDWHULDOIRUWDUJHWHGWKHUDSHXWLFSURWHLQ
H[SUHVVLRQXVLQJYLUDOYHFWRUV>@LWVWLOOUHTXLUHVWKHLPSURYHPHQWRIWKLVWHFKQRORJ\ZLWKD
ORFDOLVHG DQG HIILFLHQW JHQH GHOLYHU\ PHWKRG IRU IXWXUH FOLQLFDO DSSOLFDWLRQV > @
7KHUHIRUHWKHXVHRIELRPDWHULDOVDVVRSKLVWLFDWHGWRROVWRFRQTXHUWKHVHLVVXHVUHODWHGWRYLUDO
YHFWRUVKDVDFTXLUHGUHPDUNDEOHDWWHQWLRQ>@

5DWLRQDOO\GHVLJQHGELRPDWHULDOVKROGVJUHDWSRWHQWLDOIRUWLVVXHHQJLQHHULQJDSSOLFDWLRQV>@
SULPDULO\ DV DGMXYDQW VFDIIROGV WKDW PLPLF WKH SK\VLFDO DQG ELRFKHPLFDO SURSHUWLHV RI WKH
QDWXUDO(&0>@VXFKDVWKRVHQHFHVVDU\WRVXSSRUWQHXUDOFHOOVIRU&16UHSDLU>@,Q
DGGLWLRQWKH\FDQEHGHVLJQHGWRLQFOXGHYLUDOYHFWRUVIRUGHOLYHU\RIJHQHWLFPDWHULDOWKURXJK
HQFDSVXODWLRQPHWKRGVLQFOXGLQJWKHXVHRIQDQRSDUWLFOHVDQGPLFURVSKHUHV>@DQGRU
DWWDFKHG via FKHPLFDO IXQFWLRQDOLVDWLRQ > @ 7KH FRYDOHQW DQGRU QRQFRYDOHQW
LQWHUDFWLRQVRIYLUDOYHFWRUV>@VWLPXODWHLQFRUSRUDWLRQRIWKHYHFWRUWRWKHPDWHULDOLQ
RUGHUWROLPLWYHFWRUVSUHDGVFUHHQWKHYHFWRUIURPGHFRPSRVLWLRQE\WKHKRVWLPPXQHV\VWHP
DQGLQFUHDVHWUDQVGXFWLRQHIILFLHQF\>@)PRF6$3K\GURJHOVWKDWPRUSKRORJLFDOO\PLPLF
WKHQDWLYH(&0DUHDWWUDFWLYHGXHWRWKHLUSRWHQWLDOWRHIILFLHQWO\ILOODYRLGDWWKHQHXUDOGDPDJH
VLWHUHDGLO\LQWHUDFWZLWKFHOOVDWWKHHGJHRIWKHOHVLRQVLWHORZHUWKHLQIODPPDWRU\UHVSRQVH
SRVW WUDQVSODQWDWLRQ DQG VWUXFWXUDOO\ VXSSRUW WKH VXUURXQGLQJ QHXUDO WLVVXH $OWKRXJK WKH
PDWHULDO FKDUDFWHULVWLFV DQG VHOIDVVHPEO\PHFKDQLVPRI )PRF6$3V KDYH EHHQ WKRURXJKO\
VWXGLHG UHVHDUFK RI WKHLU ELRORJLFDO SURSHUWLHV DQG KRZ FHOOV UHVSRQG WR WKHLU SK\VLFDO DQG
ELRFKHPLFDOVWLPXOLKDVEHHQOLPLWHG±XVXDOO\IRFXVLQJRQin vitroFHOOFXOWXUHLQFRUSRUDWLQJ
WKH ILEURQHFWLQ EDVHG VHTXHQFH 5*' >      @ :H KDYH UHFHQWO\
HPSOR\HGQRYHO DSSURDFKHV WKDW DOORZFRUH DPLQR DFLG VHTXHQFHVRI XS WR ILYH UHVLGXHV LQ


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
OHQJWKWREHHPEHGGHGLQWRWKHSHSWLGHEDFNERQHE\WKHUDWLRQDOGHVLJQRIDGGLWLRQDOIODQNLQJ
UHVLGXHVHLWKHUWKURXJKDGMXVWPHQWRIS.DRUDGGLWLRQRIDURPDWLFK\GURSKRELFUHVLGXHV>
@ 8VLQJ WKHVH PHWKRGV ZH KDYH GHVLJQHG )PRF6$3V WKDW FRQWDLQ SHSWLGH VHTXHQFHV
GHULYHGIURPWKHEUDLQ(&0SURWHLQODPLQLQ,.9$9DQG<,*65

7KHUHIRUHLQWKLVFKDSWHUZHILUVWO\GHWHUPLQHWKHELRFRPSDWLELOLW\DQGHIIHFWLYHQHVVRIWKHVH
)PRF6$3VWRGHOLYHUSULPDU\FRUWLFDOQHXUDOSURJHQLWRUFHOOVin vivo,QRUGHUWRDVVHVVWKH
HIIHFWLYHQHVVRIODPLQLQGHULYHGSHSWLGHVHTXHQFHVin vivoZHDOVRHPSOR\HGDQILEURQHFWLQ
GHULYHSHSWLGHVHTXHQFH5*'FRQWDLQLQJ)PRF6$3DVDFRQWURODVILEURQHFWLQLVNQRZQWR
SURPRWHFHOODGKHVLRQ\HWLVQRWREVHUYHGLQVLJQLILFDQWDPRXQWVLQWKHEUDLQDOORZLQJXVWR
DVFHUWDLQWKHWLVVXHVSHFLILFLW\RIWKH)PRF6$3V>@,PSRUWDQWO\LWPXVWEHZHOOWROHUDWHG
E\ERWKWKHKRVWDQGLPSODQWHGFHOOVDQGFDXVHDOLPLWHGLQIODPPDWRU\UHVSRQVHIRUDQHIIHFWLYH
ELRPDWHULDO$VD UHVXOW WKH LQIODPPDWRU\ UHVSRQVHZDVDVVHVVHG WR WKHVHGHYHORSHG)PRF
6$3V DV ZHOO DV VXUYLYDO PLJUDWLRQ DQG LQWHJUDWLRQ RI WKH WUDQVSODQWHG FRUWLFDO QHXUDO
SURJHQLWRUFHOOVLQWKHLQWDFWEUDLQ

:HWKHQPRGLILHGWKHV\VWHPWRGHOLYHUWKHUDSHXWLF'1$YLDYLUDOYHFWRUGHOLYHU\3RVLWLYHO\
FKDUJHGDPLQH1+PRLHWLHVGHFUHDVLQJWKHHOHFWURVWDWLFUHSXOVLRQEHWZHHQWKHQHJDWLYHO\
FKDUJHGPHPEUDQHVRQWKHYLUDOFDSVLGDQGFHOOVXUIDFHHQKDQFLQJWKHDELOLW\RIWKHYLUXVWR
DWWDFK WR WKHFHOOPHPEUDQHDQGGHOLYHU LWVJHQHWLFPDWHULDO >@5HVHDUFKKDVVKRZQWKDW
DPLQHPRLHWLHV1+DUHDEOHWRHQKDQFHYLUXVDGVRUSWLRQDQGFHOODWWDFKPHQWWRWKHVXUIDFH
RIELRPDWHULDOVLQGXFLQJLPSURYHGWUDQVGXFWLRQHIILFLHQF\>@:HK\SRWKHVLVHGWKDWWKHVH
VFDIIROGVFRXOGEHXVHGWRQRQVSHFLILFDOO\LPPRELOLVHYLUDOYHFWRUVviaUHYHUVLEOHQRQFRYDOHQW
LQWHUDFWLRQV EHWZHHQ WKH 6$3 VFDIIROG DQG WKH YLUDOPHPEUDQH E\ WDNLQJ DGYDQWDJH RI WKH




FKHPLFDO IOH[LELOLW\ DIIRUGHG via FDUHIXO VHOHFWLRQ RI WKH DPLQRDFLGV ZLWKLQ WKH SHSWLGH
VHTXHQFH$VSURRIRISULQFLSOHZHXVHGWKHSUHYLRXVO\GHVLJQHG)PRF'',.9$9WRGHOLYHU
P&KHUU\OHQWLYLUXVin vivoH[SORULQJLWVFDSDFLW\IRUORFDOLVHGYLUDOYHFWRUJHQHGHOLYHU\:H
WKHQ LPSURYHG RQ WKLV GHVLJQZLWK WKH GHVLJQ RI D VHFRQG)PRF6$3 )PRF'',.9$9.
HQJLQHHUHGIRUWKHKLJKGHQVLW\SUHVHQWDWLRQRI1+IXQFWLRQDOJURXSVDWWKH&WHUPLQXVRIWKH
SHSWLGH:HGHPRQVWUDWHWKDWE\LQFUHDVLQJWKHHOHFWURVWDWLFLQWHUDFWLRQVIRUELQGLQJIRFDOJHQH
GHOLYHU\FDQEHIXOILOOHGE\LQFRUSRUDWLQJYLUDODFWLYLW\WRWKHVLWHRIWKHK\GURJHOLQMHFWLRQ6XFK
WHFKQRORJ\PD\KROG VLJQLILFDQWSRWHQWLDO IRU WKH VXVWDLQHGDQG WDUJHWHGGHOLYHU\RIJURZWK
IDFWRUVWKDWZLOOWKHQFRQWULEXWHWRWLVVXHUHSDLU
5HVXOWVDQG'LVFXVVLRQ
 In vivo DVVHVVPHQW RI 6$3 K\GURJHOV IRU JUDIWHG FRUWLFDO QHXUDO
SURJHQLWRUFHOOV
7KUHH)PRF6$3VGHULYHGIURPODPLQLQDQGILEURQHFWLQSHSWLGHGRPDLQVZHUHHQJLQHHUHGIRU
VHOIDVVHPEO\XQGHUSK\VLRORJLFDOFRQGLWLRQVS+viaDSUHYLRXVO\GHYHORSHGPHWKRG>@
)PRF',.9$9 DQG )PRF'<,*65) ZHUH GHVLJQHG via DGMXVWLQJ WKHLU S.D ZLWK DQ 1
WHUPLQDO DFLGLF UHVLGXH DVSDUWDWH $OWHUQDWLYHO\ XQFKDUJHG IODQNLQJ DURPDWLF UHVLGXH
SKHQ\ODODQLQHZDVDGGHGWRLPSURYHWKHVWDELOLW\RIWKHDVVHPEO\IRU)PRF)5*')
0DWHULDOFKDUDFWHULVDWLRQRI)PRF6$3K\GURJHOV
7RLQYHVWLJDWHWKHQRQFRYDOHQWDQGVXSUDPROHFXODULQWHUDFWLRQVUHVXOWLQJLQʌ±ȕDVVHPEO\ZHUH
PDLQWDLQHG ZLWK WKH LQFRUSRUDWLQJ RI ELRDFWLYH SHSWLGH VHTXHQFHV VHYHUDO PDWHULDO
FKDUDFWHULVDWLRQWHFKQLTXHVZHUHSHUIRUPHG$)0LPDJHVVKRZHGWKDWHDFKK\GURJHOIRUPHG
LQWHUZRYHQILEURXVQHWZRUNWKDWEURDGO\DQDORJRXVLQVFDOH)LJXUH$±&7(0LPDJHV
GHPRQVWUDWHG WKDW LQ HDFK FDVH ILEULOV QDQRPHWHUV LQ GLDPHWHU DQGPLFURQV LQ OHQJWKZHUH




IRUPHG DQG RULHQWDWHG ODWHUDOO\ WR IRUP HQWDQJOHPHQWV )LJXUH '±) 7KRXJK WKH
QDQRILEUHVZHUHEURDGO\FRQVHUYHGDPRQJDOOWKUHHV\VWHPVDPRUHEUDQFKHGDUFKLWHFWXUHZDV

)LJXUH0LFURDQGQDQRVWUXFWXUHVRIHDFKK\GURJHOV$)0$&DQG7(0')VKRZLQJ
QDQRILEURXVDUFKLWHFWXUHRI WKH WKUHH)PRFEDVHG6$3V)PRF',.9$9)PRF)5*')DQG)PRF
'<,*65)
REVHUYHGIRU)PRF'<,*65)ZLWKILEUHVVOLJKWO\WKLFNHULQGLDPHWHUWKDQWKRVHREVHUYHGLQ
)PRF)5*')DQG)PRF',.9$9K\GURJHOVWKLVPD\DVFULEHWRWKHHIIHFWRIEXQGOLQJILEUHV
GXH WR LQFUHDVHG UHODWLYH FKDUJH )LJXUH&	) 7KRXJK ,.9$9 DQG <,*65 DUH ERWK
ODPLQLQEDVHGSHSWLGHV WKHREYLRXVGLIIHUHQFHVLQVWUXFWXUHLVDGLUHFWUHVXOWRI WKHLUXQLTXH
DPLQRDFLGVHTXHQFHDSSDUHQWS.DDQGK\GURSKRELFLW\RIWKHVHTXHQFHDQGUHVXOWLQJFKDUJHDW
SK\VLRORJLFDOS+>@

6SHFWURVFRSLFDQDO\VHVRIWKH)PRF6$3K\GURJHOVZHUHVXEVHTXHQWO\XVHGWRFRQILUPWKDWWKH
XQGHUO\LQJ ʌȕ DVVHPEO\ ZDV FRQVHUYHG DFURVV HDFK SHSWLGH VHTXHQFH )7,5 ZDV XVHG WR
LQYHVWLJDWH WKHSUHVHQFHRI VHFRQGDU\VWUXFWXUHVE\PRQLWRULQJ LQWHUPROHFXODU µSHSWLGHOLNH¶




LQWHUDFWLRQVDFURVVWKHDPLGH,UHJLRQ)LJXUH$>@,QHDFKFDVHYLEUDWLRQVFKDUDFWHULVWLF
RI WKLV FODVV RI 6$3V ZHUH REVHUYHG $ PDMRU SHDN EHWZHHQ  FP VKRZHG WKH
SUHVHQFHRIDȕVKHHWVWUXFWXUH>@,QDGGLWLRQDEURDGIHDWXUHDWaFPZDVREVHUYHG
LQGLFDWLQJWKHIRUPDWLRQRIDUDQGRPFRLOVWUXFWXUH>@,QWUDDQGVXSUDPROHFXODULQWHUDFWLRQV
ZHUHDQDO\VHGXVLQJ&')LJXUH%$JHQHUDOQʌWUDQVLWLRQEHWZHHQDQGQP
ZDVREVHUYHGLQHDFKK\GURJHOLQGLFDWLQJWKHIRUPDWLRQRIȕVKHHWSDWWHUQ)LJXUH%>@

)LJXUH6SHFWURVFRSLFDQGUKHRPHWHU VSHFWUD $)7,5DQDO\VLVRI DPLGH , UHJLRQ VKRZLQJ
FKDUDFWHULVWLFSHDNVIRUȕVKHHWV%&'VKRZVWUDQVLWLRQSHDNVDWQPIRUDOOWKHV\QWKHVLVHG)PRF
SHSWLGHV VXJJHVWLQJ WKH SUHVHQFH RI ȕVKHHWV 7UDQVLWLRQV LQ WKH  QP UHJLRQ UHSUHVHQW
VXSUDPROHFXODURUGHULQJDQGEXQGOLQJRILQGLYLGXDOILEUHV5KHRORJLFDODQDO\VLVVKRZLQJFKDUDFWHULVWLF
YLVFRHODVWLFEHKDYLRXUIRU&)PRF',.9$9')PRF)5*')	()PRF'<,*65)
7UDQVLWLRQV LQ WKH UDQJHRIQP LVGXH WR WKH VXSUDPROHFXODURUGHULQJRI LQGLYLGXDO
ILEUHV DQGZDVREVHUYHG LQRWKHU VLPLODU)PRF6$3V )LJXUH% >@$JDLQ WKH&'
VSHFWUDIRU)PRF'<,*65)LQGLFDWHVWKHSUHVHQFHRIVRPHUDQGRPFRLOVWUXFWXUHV+RZHYHU
FRPELQHG ZLWK 7(0 DQG $)0 LPDJHV WKH VSHFWURVFRSLF DQDO\VLV FRQILUPV WKDW ʌȕ VHOI
DVVHPEO\LVUREXVWPHFKDQLVPWKDWDOORZVWKHIRUPDWLRQRIYDU\LQJELRDFWLYHSHSWLGHVHTXHQFHV
DQGDOWHULQJWKHK\GURSKRELFLW\DQGFKDUJHRIWKHSHSWLGHVHTXHQFH





3DUDOOHOSODWHUKHRORJ\ZDVXVHGWRGHWHUPLQHWKHPHFKDQLFDOSURSHUWLHVRIWKHK\GURJHOV$OO
RIWKHK\GURJHOVGLVSOD\HGW\SLFDOYLVFRHODVWLFJHOSURSHUWLHVZKHUHWKHHODVWLFPRGXOXV*¶LV
JUHDWHU WKDQ WKHYLVFRXVPRGXOXV *´ZLWKERWKPRGXOL LQGHSHQGHQWRI IUHTXHQF\ )LJXUH
&(>@7KHPRGXOLYDULHGDFURVVWKHWKUHHGLIIHUHQWVHTXHQFHVGXHWRWKHYDU\LQJFKDUJHV
WKDWDSSHDUWKURXJKRXWHDFKXQLTXHVHTXHQFHDQGWKHUHVXOWDQWLRQLFLQWHUDFWLRQVEHWZHHQWKH
LQGLYLGXDOILEULOV$WWKHVDPHFRQFHQWUDWLRQ)PRF',.9$9VKRZHGWKHVWURQJHVWVWLIIQHVV
ZLWKD*¶RI3D)LJXUH&)PRF)5*')DQG)PRF'<,*65)ZHUHPDUNHGO\
ZHDNHUZLWKD*¶RIa3DDQGa3DUHVSHFWLYHO\ZKLFKFRXOGDWWULEXWHWRWKHGLIIHUHQW
K\GURSKRELFLW\)LJXUH'	(,PSRUWDQWO\WKHGLIIHUHQWUDQJHRIPRGXOLLVFRPSDUDEOH
WRVRIWWLVVXHDQGFRXOGWKHUHIRUHEHGHYHORSHGIRUVSHFLILFWLVVXHHQJLQHHULQJDSSOLFDWLRQV
(IIHFWRI)PRF6$3VRQWKHVXUYLYDODQGPLJUDWLRQRIWUDQVSODQWHGFRUWLFDO
QHXUDOSURJHQLWRUFHOOVLQWKHLQWDFWEUDLQ
)ROORZLQJFKDUDFWHULVDWLRQRIWKH)PRF6$3VWKHLUFDSDFLW\WRVXSSRUWFHOOJUDIWVin vivoZDV
HYDOXDWHG LQ WKH LQWDFWPRXVHEUDLQ( FRUWLFDO QHXUDO SURJHQLWRU FHOOV H[SUHVVLQJJUHHQ
IOXRUHVFHQWSURWHLQ*)3ZHUHVWHUHRWD[LFDOO\LQMHFWHGLQWRPRXVHEUDLQVWKHVWULDWXPLQWKH
DEVHQFHRUSUHVHQFHRI)PRF6$3V7KHJUDIWHGFHOOVZHUHLGHQWLILHGE\*)3VWDLQLQJZLWKLQ
WKHPRXVHEUDLQ

$*)3FHOOFRXQWVKRZHGQRVWDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFHLQFHOOQXPEHUEHWZHHQFHOOV
DORQHDQGFHOOVLPSODQWHGWRJHWKHUZLWK)PRF6$3VGHPRQVWUDWLQJWKDWLQHDFKFDVHWKH)PRF
6$3VZHUHQRQF\WRWR[LF)LJXUH$1RWVXUSULVLQJO\WKHUHZDVDWUHQGIRUJUDIWVLQWKH
SUHVHQFH RI )PRF)5*') WR KDYH WKH ORZHVW*)3 FHOO VXUYLYDO UDWH FRPSDUHG WR )PRF
',.9$9DQG)PRF'<,*65))LJXUH$WKLVLVEHFDXVHODPLQLQEXWQRWILEURQHFWLQ




DFWDVDPDMRUFRQVWLWXHQWRIWKHEUDLQ
V(&0DQGPRGXODWHQHXUDOGLIIHUHQWLDWLRQDQGQHXULWH
H[WHQVLRQ>@7KLVUHLQIRUFHVWKHLPSRUWDQFHRIGHVLJQLQJDPLFURHQYLURQPHQWWKDWLV
VSHFLILFDOO\WXQHGWRFHOOXODUUHTXLUHPHQWVIRUVSHFLILFWLVVXH7KHGHQVLW\RIFHOOVZLWKLQWKH
JUDIWFRUHZDVDVVHVVHGDVDQ LQGH[RIFHOOPLJUDWLRQ*)3FHOOVSHUPP)LJXUH%
6LPLODUWRFHOOVXUYLYDOJUDIWFHOOGHQVLW\VKRZHGQRVLJQLILFDQWGLIIHUHQFHEHWZHHQDQ\JURXSV
)LJXUH%

)LJXUH*)3FHOOQXPEHUDQGFHOOGHQVLW\RILPSODQWHG*)3FHOOV$1XPEHURI*)3FHOOV
LQWKHVWULDWXPGD\VDIWHUWUDQVSODQWDWLRQ%&HOOGHQVLW\RILPSODQWHG*)3FHOOVLQJUDIWFRUH'DWD
UHSUHVHQWVPHDQ6(0
:LWK QR VWDWLVWLFDO GLIIHUHQFH REVHUYHG LQ FHOO VXUYLYDO RU PLJUDWLRQ EHWZHHQ JUDIWV LQ WKH
SUHVHQFHRUDEVHQFHRI)PRF6$3ZHKDYHVKRZQWKDWWKHVHVFDIIROGVDUHQRQF\WRWR[LFWR
JUDIWHG FHOOV LQ WKH SDUHQFK\PD 7KLV UHVXOW GHPRQVWUDWHV WKH FDSDFLW\ IRU WKHVH QRQWR[LF
PDWHULDOVWRVXSSRUWFHOOVSRWHQWLDOO\LQDGLVHDVHVLWH7KH)PRF6$3VFRXOGKHOSUHEXLOGWLVVXH
E\VXSSRUWLQJWKHVXUURXQGLQJSDUHQFK\PDHQKDQFLQJWKHJUDIW±KRVWLQWHUIDFHDWWKHOHVLRQVLWH
WR UHGXFH DQ\ SRWHQWLDO IRU VHFRQGDU\ GHJHQHUDWLRQ ZKLOVW DOVR HQFRXUDJLQJ LQWHJUDWLRQ RI
WUDQVSODQWHGFHOOVZLWKWKHKRVWWLVVXH
&HO
OVD
ORQ
H
',.
9$
9
)5
*'
)
'<
,*6
5)







1X
PE
HU
RI
*
)3
F
HOO
V
*)
3
FH
OOV
P
P
&H
OOV
DOR
QH
',.
9$
9
)5
*'
)
'<
,*6
5)





$ %




(IIHFWRI)PRF6$3VRQJUDIWLQQHUYDWLRQRIWUDQVSODQWHGFRUWLFDOQHXUDO
SURJHQLWRUFHOOVLQWKHLQWDFWEUDLQ
,WKDVEHHQ LGHQWLILHGDVDNH\ LVVXH IRU WKH LQWHJUDWLRQRI WUDQVSODQWHGFHOOVZLWKLQ WKHKRVW
HQYLURQPHQWDQGUHLQQHUYDWLRQRIGDPDJHGKRVWWLVVXHE\WUDQVSODQWHGFHOOVLQFOLQLFDOWULDOVIRU
FHOOWUDQVSODQWDWLRQWKHUDS\ZKLFKLVDOVRDQLPSRUWDQWJRDOLQRUGHUWRDFKLHYHODVWLQJUHFRYHU\
DQGUHSDLURIQHXUDOFLUFXLWU\>@

)LJXUH*UDIWLQQHUYDWLRQRIWUDQVSODQWHGFRUWLFDOQHXUDOSURJHQLWRUFHOOVLQWKHLQWDFWEUDLQ
$9ROXPH DQG GHQVLW\ % RI WRWDO*)3 JUDIW DUHD LQFOXGLQJ JUDIW FRUH DQG QHXULWH H[WHQVLRQV
UHSUHVHQWLQJDPRXQWRILQQHUYDWLRQRIKRVWFLUFXLWU\&±-VKRZILHOGVRIYLHZ)29	WDNHQIURP
WKHHGJHRIWKHJUDIWFRUHVHTXHQWLDOO\PRYLQJRXWZDUGV.	/3HUFHQWDJHRI*)3ILEUHVLQ)29
DQG)29UHVSHFWLYHO\IRUHDFKJURXSPHDVXUHGDVRSWLFDOGHQVLW\'DWDUHSUHVHQWVPHDQ6(0
+HUH WKHYROXPHRI*)3JUDIW LQQHUYDWLRQZDV WHVWHG LQDQLPDOVJUDIWHGZLWKFHOOV LQ WKH
DEVHQFHRUSUHVHQFHRI)PRF6$3V1RVWDWLVWLFDOGLIIHUHQFHLQWKHOHYHORI LQQHUYDWLRQZDV
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
REVHUYHGDPRQJHDFKJURXS)LJXUH$	%6LPLODU WRFHOO VXUYLYDO LQ WKHSUHVHQFHRI
)PRF)5*')FHOOVVKRZHGWKHOHDVWFDSDFLW\IRU LQQHUYDWLRQRI WKHKRVWEUDLQDQGZLWKWKH
VPDOOHVW DPRXQW RI LQQHUYDWLRQ )LJXUH $	% /DPLQLQ LV NQRZQ WR SURPRWH QHXULWH
H[WHQVLRQDQGERWK,.9$9DQG<,*65PROHFXOHVKDYHEHHQLGHQWLILHGDVWKHELQGLQJHSLWRSHV
SURPRWLQJ QHXULWH H[WHQVLRQ ERWK in vitro DQG in vivo > @ 7KLV FRXOG H[SODLQ WKH
LPSURYHG DPRXQW RI LQQHUYDWLRQ REVHUYHG ZLWK )PRF',.9$9 DQG )PRF'<,*65)
FRPSDUHGWR)PRF)5*')

1HXULWHH[WHQVLRQDQGEUDQFKLQJZHUHWKHQPHDVXUHGWKURXJKWKHRSWLFDOGHQVLW\RI*)3ILEUHV
VXUURXQGLQJ WKH JUDIW FRUH 7ZR ILHOGV RI YLHZ )29 DGMDFHQW WR WKH JUDIW ZHUH WDNHQ
VHTXHQWLDOO\PRYLQJ DZD\ IURP WKH HGJHRI WKHJUDIW FRUH LQ RUGHU WR DVVHVV WKH H[WHQW RI
LQQHUYDWLRQ)LJXUH&±-1RVLJQLILFDQWGLIIHUHQFHZDVREVHUYHGEHWZHHQWKHIRXUJURXSV
VXJJHVWLQJWKDWWKHUHLVQRGLIIHUHQFHLQWKHDPRXQWRIQHXULWHVRUDQ\EUDQFKLQJRILPSODQWHG
FHOOVDVWKH\LQWHUDFWDQGLQQHUYDWHWKHKRVWWLVVXH7RJHWKHUWKLVGDWDFRQILUPVWKDWLPSODQWHG
FHOOVFDQH[WHQGLQWRWKHVXUURXQGLQJSDUHQFK\PDXQKLQGHUHGE\)PRF6$3VDQGLQQHUYDWH
WKHKRVWWLVVXHLQWKHLUSUHVHQFH
,QIODPPDWRU\UHVSRQVHWRFHOODQG)PRF6$3WUDQVSODQWDWLRQ
,QIODPPDWRU\ UHVSRQVH LV D NH\ FRQFHUQ LPSHGLQJ QHXUDO SODVWLFLW\ IROORZLQJ &16 LQMXU\
XVXDOO\ VKRZLQJ DV WKH IRUPDWLRQ RI D JOLDO VFDU 7KH JOLDO VFDU LV FRPSRVHG RI UHDFWLYH
DVWURF\WHVDQGPLFURJOLDWKDWKHOSIRUPDILEURWLFVFDUWRVHDORIIWKHLQMXU\EXWDOVRVHFUHWH
LQKLELWRU\ SURWHLQV WKDW SUHYHQW D[RQ UHJHQHUDWLRQ >@ 7R IXUWKHU LQYHVWLJDWH WKH
ELRFRPSDWLELOLW\ RI )PRF6$3V LQ WKH EUDLQ WKH LQIODPPDWRU\ PLFURJOLDO DQG DVWURF\WLF
UHVSRQVHWRWKHPDWHULDOVZDVUHVHDUFKHG





)PRF',.9$9DQG)PRF'<,*65)VKRZHGQRLQFUHDVHLQKRVWGHULYHG*)3DVWURF\WHV
JOLDOILEULOODU\DFLGLFSURWHLQ*)$3FRPSDUHGWRFHOOVWUDQVSODQWHGDORQH)LJXUH$
$GGLWLRQDOO\ )PRF',.9$9 VKRZHGQR LQFUHDVH LQPLFURJOLD˄&'E˅ DIWHU  GD\V
)LJXUH%7KHVHUHVXOWVVXJJHVWWKDWWKHKRVWHQYLURQPHQWGRHVQRWUHFRJQLVHWKHVH)PRF
6$3VDV³IRUHLJQPDWHULDO´ZLWKDOLPLWHGLPPXQHUHVSRQVHHOLFLWHGRYHUWKHFRXUVHRIGD\V
)LJXUH&57KLVLVVLJQLILFDQWDVWKHVHUHVXOWVHPSKDVLVHWKHELRFRPSDWLELOLW\RIWKHVH
PDWHULDOV FRPSDUHG WR RWKHU K\GURJHOV VXFK DV FKLWRVDQ WKDW KDV EHHQ VKRZQ WR EH
SKDJRF\WLVHGE\PDFURSKDJHVDIWHUGD\V in vivo GXHWR WKHHOLFLWHGIRUHLJQERG\UHVSRQVH
>@

$IWHUGD\V)PRF)5*')VKRZHGDWUHQGWRZDUGVHQKDQFHGDVWURF\WHGHQVLW\FRPSDUHGWR
DOORWKHUJURXSV)LJXUH$,QDGGLWLRQ)PRF)5*')VKRZHGDVWDWLVWLFDOO\VLJQLILFDQW
LQFUHDVH LQPLFURJOLD UHFUXLWPHQW PFRPSDUHG WRFHOOVDORQHDQG WKH ODPLQLQEDVHG
)PRF6$3)PRF',.9$9P)LJXUH%$JDLQWKHFRQWURO5*'VHTXHQFH
GHPRQVWUDWHGWKHOHDVWELRFRPSDWLELOLW\IRUWKLVDSSOLFDWLRQKRZHYHUDVYDOLGDWHGE\WKHKLJK
*)3FHOOFRXQWV WKHPDWHULDO LWVHOI LVQRQF\WRWR[LF)LJXUH$5DWKHUDVSUHYLRXVO\
VXJJHVWHGWKH5*'VLJQDOLVQRWVXLWDEOHIRUSUHVHQWDWLRQWRFHOOVLQWKH&16

3UHYLRXV VWXGLHV KDYH VKRZQ WKDW )PRFSHSWLGHV GLVSOD\ QHXURSURWHFWLYH SURSHUWLHV ZKHUH
)PRF/OHXFLQHSURWHFWHGERWKWKHPDWXUHDQGLPPDWXUHEUDLQWKURXJKWKHDFWLYDWLRQRI33$5J
>@,QDGGLWLRQ)PRFDPLQRDFLGVKDYHEHHQUHSRUWHGWRKDYHDQWLLQIODPPDWRU\SURSHUWLHV
LQKLELWLQJWKHUHFUXLWPHQWRI7O\PSKRF\WHVDQGQHXWURSKLOVGXULQJDQLQIODPPDWRU\UHVSRQVH
>@,QOLQHZLWKWKHVHILQGLQJVKHUHZHGHPRQVWUDWHGWKDWDIWHUGD\Vin vivoWKHUHZDVQR
JOLDOVFDUULQJLQWKHSUHVHQFHRIDQ\RIWKH)PRF6$3VLQGLFDWLQJWKHLQKHUHQWELRFRPSDWLELOLW\




RI WKHVH PDWHULDOV LQ WKH EUDLQ DQG WKHLU FDSDFLW\ WR DWWHQXDWH WKH LQIODPPDWRU\ UHVSRQVH
,PSRUWDQWO\ WKLV LV WKH ILUVW VWXG\ZKHUH )PRF6$3V KDYH EHHQ XVHG DV D GHOLYHU\ WRRO WR
WUDQVSODQW FHOOV in vivo 7KHLU REVHUYHG ELRFRPSDWLELOLW\ DQG QR LQGXFHG LPPXQH UHVSRQVH
SURPRWHVWKHLUVXLWDELOLW\WRGHOLYHU\FHOOVLQWRWKHEUDLQ

)LJXUH,QIODPPDWRU\UHVSRQVHWRFHOOVWUDQVSODQWHGDORQHDQGZLWK)PRF6$3V0HDVXUHGDV
SHUFHQWDJHRIFRYHUDJHRI)29DWHGJHRIJUDIWIOXRUHVFHQWRSWLFDOGHQVLW\$$VWURF\WLFUHVSRQVH
%PLFURJOLDOUHVSRQVH&±5LPDJHVRIWUDQVSODQWHGQHXUDOSURJHQLWRUFHOOV*)3JUHHQDVWURF\WHV
*)$3UHGDQGPLFURJOLD&'EEOXH'DWDUHSUHVHQWVPHDQ6(0PP




 )PRF6$3V XVHG DV YLUXV YHFWRU JHQH GHOLYHU\ WRRO IRU in vivo
DSSOLFDWLRQV
:HKDYHVKRZQWKDWWKHODPLQLQGHULYHGSHSWLGHVHTXHQFHLVDSURPLVLQJFDQGLGDWXUHIRU&16
UHSDLU+HUH DV D FRQWLQXLQJZRUN RI WKH SUHYLRXV SDUW )PRF'',.9$9ZDV GHVLJQHG WR
GHOLYHUP&KHUU\OHQWLYLUXVin vivoWKLVZDVWKHQLPSURYHGZLWKWKHGHYHORSPHQWRIDVHFRQG
)PRF6$3 )PRF'',.9$9. HQJLQHHUHG IRU WKH KLJKGHQVLW\ SUHVHQWDWLRQ RI 1+
IXQFWLRQDOJURXSVDWWKH&WHUPLQXVRIWKHSHSWLGHDQGWKHFDSDFLW\IRUORFDOLVHGYLUDOYHFWRU
JHQHGHOLYHU\RIERWK)PRF6$3VZDVLQYHVWLJDWHG
0DWHULDOFKDUDFWHULVDWLRQRI)PRF6$3K\GURJHOV
$QLQLWLDOWLWUDWLRQZDVFDUULHGRXWWRLQYHVWLJDWHDQ\VKLIWVLQWKHDSSDUHQWS.DRIWKHQHZO\
GHULYHG)PRF'',.9$9.UHVXOWLQJIURPWKHDGGLWLRQRID.UHVLGXHDWWKH&WHUPLQDODQG
WKHHIIHFWRIWKLVRQLWVJHODWLRQS+)LJXUH$>@7LWUDWLRQUHVXOWVKRZHGWKDWWKHS.D
ZDVVKLIWHGIURPaWRaZLWKWKHDGGLWLRQRIWKH.UHVLGXHEXWWKLV)PRF6$3VWLOOFDQ
VHOIDVVHPEO\XQGHUSK\VLRORJLFDOFRQGLWLRQVS+a7KLVZDVFRQILUPHGZKHQERWK)PRF
'',.9$9DQG)PRF'',.9$9.IRUPHGVXIILFLHQWO\WUDQVSDUHQWVHOIVXSSRUWLQJK\GURJHOV
DWS+aXVLQJWKHSUHYLRXVO\GHVFULEHGS+VZLWFKPHWKRG)LJXUH%>@

7KHYLVFRHODVWLFSURSHUWLHVRIERWKK\GURJHOVZHUHFRPSDUHGXVLQJSDUDOOHOSODWHUKHRPHWU\
+HUHERWKJHOV VKRZHGYLVFRHODVWLFSURSHUWLHVFKDUDFWHULVWLFRISUHYLRXVO\GHVFULEHG)PRF
6$3K\GURJHOVZKHUHWKHHODVWLFPRGXOXV*¶LVJUHDWHUWKDQWKHYLVFRXVPRGXOXV*´DQG
VKRZVRQO\DZHDNGHSHQGHQFHRQIUHTXHQF\)LJXUHV&	'>@,WGHPRQVWUDWHGWKDW
)PRF'',.9$9.ZDVVWURQJHUWKDQ)PRF'',.9$9*¶ 3DDQG*´ 3D
UHVSHFWLYHO\WKLVPD\EHGXHWRDQHOHFWURVWDWLFHIIHFWFDXVHGE\WKHLQFUHDVHGS.DRIWKH6$3
OHDGLQJ WR D VOLJKW SRVLWLYH FKDUJH FRQWULEXWLRQvia WKH. UHVLGXH DW S+7KLV LQFUHDVHG




FKDUJH WKHUHE\ LQGXFHV VWURQJHU VXSUDPROHFXODU LQWHUDFWLRQV EHWZHHQ WKH DOLJQHG ILEULOV
HQKDQFLQJWKHHIIHFWLYHSRLQWVRIHQWDQJOHPHQWDQGUHVXOWLQJLQDVWLIIHUQDQRILEURXVQHWZRUN
>@


)LJXUH  +\GURJHO IRUPHG E\ )PRF'',.9$9 DQG )PRF'',.9$9. DQG LWV PHFKDQLFDO
SURSHUW\ $ 7LWUDWLRQ FXUYH IRU )PRF'',.9$9 KROORZ FLUFOHV DQG )PRF'',.9$9. VROLG
FLUFOHVVKRZLQJDVOLJKWVKLIWLQS.D)PRF'',.9$9±GDVKHGOLQH)PRF'',.9$9.±VROLGOLQH
WKDWFRUUHODWHVWRWKHH[SHFWHGS+UDQJHRIVHOIDVVHPEO\%$QLQYHUVLRQWHVWGHPRQVWUDWHVWKHJHODWLRQ
RIWKHWZR)PRF6$3VXVLQJDS+VZLWFK5KHRORJLFDODQDO\VLVIRU&)PRF'',.9$9DQG')PRF
'',.9$9.6ROLGFLUFOHV *¶KROORZFLUFOHV *´
$)0DQG7(0ZHUHWKHQXVHGWRFKHFNWKHPLFURDQGQDQRVFDOHVWUXFWXUH$)0UHYHDOHGWKDW
ERWKK\GURJHOVIRUPHGPLFURVFDOHQHWZRUNVUHLQIRUFLQJWKDWVHOIDVVHPEO\RIWKHQDQRILEURXV
VWUXFWXUHV WKDW XQGHUSLQQHG WKH K\GURJHO ZDV PDLQWDLQHG DW SK\VLRORJLFDO S+ )LJXUHV
$	' 7KH HIIHFW RI WKH DGGLWLRQ RI UHVLGXH. LQ VXSUDPROHFXODU RUGHULQJZDV IXUWKHU
YLVXDOLVHGXVLQJ7(0ZLWK)PRF'',.9$9.H[KLELWLQJDKLJKHUGHJUHHRIDOLJQPHQWRIWKH




QDQRILEUHV FRPSDUHG WR WKH PRUH EUDQFKHG DUUDQJHPHQW RI )PRF'',.9$9 )LJXUHV
%	(

)LJXUH 0LFURVFRS\ LPDJHV VSHFWURVFRS\ FXUYHV DQG YLUXV UHOHDVH SURILOH $)0 DQG 7(0
LPDJHVRI)PRF6$3VVKRZWKHQDQRILEURXVVWUXFWXUHRIWKHJHOVZLWKVSHFWURVFRS\FRQILUPLQJWKDWWKH
XQGHUO\LQJʌȕVHOIDVVHPEO\PHFKDQLVPLVPDLQWDLQHGZLWKWKHDGGLWLRQRID.UHVLGXH$FXPXODWLYH
UHOHDVHSURILOHFRQILUPVOHQWLYLUXVLPPRELOLVDWLRQLQWKHSUHVHQFHRI.)PRF'',.9$9QDQRILEURXV
QHWZRUNVKRZQLQ$$)0LPDJHDQG%7(0LPDJH&7(0LPDJHRIOHQWLYLUXVJUHHQHPEHGGHG
ZLWKLQ WKH EUDQFKHG DUUDQJHPHQW RI WKH LQGLYLGXDO ILEUHV ') &RUUHVSRQGLQJ LPDJHV IRU )PRF
'',.9$9.*)7,5DQG+&'IRU)PRF'',.9$9VROLGOLQHDQG)PRF'',.9$9.GDVKHG
OLQH , $ FXPXODWLYH UHOHDVH SURILOH IRU )PRF'',.9$9. VROLG FLUFOHV DQG )PRF'',.9$9
KROORZFLUFOHVRYHUGD\V
)LQDOO\VSHFWURVFRSLFDQDO\VLVZDVXVHWRDVVHVVWKHHIIHFWRIWKHDGGLWLRQRID.UHVLGXHRQWKH
ʌȕDVVHPEO\PHFKDQLVP7KH)7,5VSHFWUDVKRZHGPDMRUSHDNVDWFPLQGLFDWLYHRIȕ
VKHHWVVWUXFWXUHIRUPHGE\K\GURJHQERQGLQJEHWZHHQERWKSHSWLGHVVHTXHQFHV)LJXUH*
>@7KH&'VSHFWUDGHPRQVWUDWHGDWUDQVLWLRQDWQPZKLFKLVLQGLFDWLYHRIȕVKHHWVLQ




ERWK)PRF'',.9$9DQG)PRF'',.9$9.VXSSRUWLQJ WKH)7,5UHVXOW )LJXUH+
>@ ,PSRUWDQWO\ WKHZDYHOHQJWKRI WKHPLQLPDZDVQRW VKLIWHGEXW LQFUHDVHG LQPDJQLWXGH
LQGLFDWLQJ WKDW WKH DGGLWLRQ RI WKH . UHVLGXH ZDV QRW DIIHFWLQJ WKH LQWHUPROHFXODU ʌȕ
LQWHUDFWLRQVEXWSURPRWLQJLQFUHDVHGVXSUDPROHFXODURUGHULQJRIWKHQDQRILEULOVDVREVHUYHG
E\7(0>@
$VVHVVPHQWRIYLUXVUHWHQWLRQLQVHOIDVVHPEOLQJK\GURJHOV
&OHDUO\WKDWWKHDGGLWLRQRI.UHVLGXHZDVQRWDGYHUVHO\LPSDFWLQJRQWKHDVVHPEO\PHFKDQLVP
ZHSURFHHGHGWRHYDOXDWHWKHPDWHULDODVDYLUDOYHFWRUJHQHGHOLYHU\YHKLFOH7KHOHQWLYLUXVHV
ZDVPL[HGLQWRERWK)PRF6$3K\GURJHOVDQGVXEVHTXHQWO\DOORZHGWKHPWRUHIRUPJHOVDW
URRPWHPSHUDWXUH:HILUVWO\XVH7(0WRYLVXDOLVHWKHOHQWLYLUDODQGIRXQGWKDWWKHOHQWLYLUDO
SDUWLFOHV±QPLQGLDPHWHUHPEHGGHGZLWKLQWKHQDQRILEURXVDVVHPEO\RIERWK)PRF
6$3V )LJXUHV &	) 7R YHULI\ZKHWKHU WKH DGGLWLRQ RI SRVLWLYHO\ FKDUJHG. UHVLGXH
LQFUHDVHGOHQWLYLUDOUHWHQWLRQZLWKLQWKHK\GURJHOWKHUHOHDVHRIWKHYLUXVIURPWKHJHOVLQD
VWDWLFSK\VLRORJLFDOHQYLURQPHQWZDVPHDVXUHGXVLQJD+,9SDQWLJHQ(/,6$)PRF
6$3K\GURJHOVȝ/ZHUHPL[HGZLWKWKHOHQWLYLUXVDQGSODFHGLQDZHOOSODWHZLWK
ȝ/RI3%6SODFHGRQWRSRIHDFKJHOYLUXVVDPSOH7KHSODWHZDVNHSWLQDQLQFXEDWRU&
&2 DQG WKH ȝ/3%6 UHPRYHG DQG UHSODFHG HYHU\  K IRU  GD\V7KH LVRODWHG
VXSHUQDWDQWDWHDFKWLPHSRLQWZDVDQDO\VHGZLWK(/,6$7KHUHVXOWVVKRZHGDQLQFUHDVHLQ
OHQWLYLUDOSDUWLFOHUHWHQWLRQLQWKH.UHVLGXHIXQFWLRQDOLVHGSHSWLGHK\GURJHOFRPSDUHGWR)PRF
'',.9$9RYHUGD\VDVLQGLFDWHGE\WKHGHFUHDVHGGHWHFWLRQRI+,9SYLUDOSDUWLFOHV
LQWKHVXSHUQDWDQW)LJXUH,7KLVVKRZVWKDWWKHDGGLWLRQRIDSRVLWLYHO\FKDUJHG.UHVLGXH
LQGXFHG HIIHFWLYH LPPRELOLVDWLRQ RI WKH PDMRULW\ RI WKH YLUDO SDUWLFOHV ZLWKLQ WKH )PRF
'',.9$9.K\GURJHO7KLVLVLPSRUWDQWIRUWKHEURDGDSSOLFDWLRQVRIWKLVPHWKRG




In vivoDVVHVVPHQWRI6$3K\GURJHOVIRUYLUDOYHFWRUJHQHGHOLYHU\
2QFHFRQILUPHGWKDWYLUDOYHFWRUZDVVWDEO\LPPRELOLVHGLQ)PRF'',.9$9.K\GURJHOVZH
WKHQLQYHVWLJDWHGWKHDELOLW\IRUWKH)PRF6$3WRORFDOLVHYLUDOYHFWRUGHOLYHU\in vivoP&KHUU\
OHQWLYLUXVZDV ORDGHG LQWRERWK)PRF'',.9$9DQG)PRF'',.9$9.K\GURJHOVEHIRUH
VWHUHRWD[LFLQMHFWLQJLQWRWKHPRXVHEUDLQVWULDWXPDQGFRPSDUHGWRGHOLYHU\RIYLUXVDORQH
7KH)PRF6$3K\GURJHOVZHUHLQMHFWHGDWDFRQFHQWUDWLRQRIPJP/DQGWKHDPRXQWRI
YLUDOYHFWRUPHGLDWHGWUDQVIHFWLRQZDVDVVHVVHGDIWHUWKUHHZHHNV$FHOOFRXQWRIWUDQVGXFHG
P&KHUU\ FHOOV VKRZHG WKDW GHOLYHU\ RI WKH OHQWLYLUXV LQ WKH DEVHQFH RI WKH )PRF6$3V
UHVXOWHGLQWKHKLJKHVWQXPEHURIWUDQVGXFHGFHOOVZLWKDVLJQLILFDQWGLIIHUHQFHLQWKHOHYHORI
WUDQVGXFWLRQEHWZHHQWKH)PRF'',.9$9.DQGERWKRWKHUJURXSV)LJXUH$

,Q DGGLWLRQ D GLIIHUHQFH LQ YROXPH RI WKH P&KHUU\ DUHD ZDV REVHUYHG ZLWK )PRF
'',.9$9. KDYLQJ WKH OHDVW P&KHUU\ FRYHUDJH )LJXUH % +RZHYHU WKHUH ZDV QR
VLJQLILFDQWGLIIHUHQFHLQWKHGHQVLW\RIP&KHUU\FHOOVDWWKHVLWHRIGHOLYHU\DFURVVWKHWKUHH
JURXSV)LJXUH&WKLVLQGLFDWHVWKDWWKHWUDQVIHFWLRQHIILFLHQF\RIWKHP&KHUU\OHQWLYLUXV
ZDVQRWDIIHFWHGE\LPPRELOLVDWLRQZLWKLQWKH)PRF6$3K\GURJHOVEXWUDWKHUOLPLWHGWRWKH
PLFURHQYLURQPHQW VXUURXQGLQJ WKHPDWHULDO ,Q SDUWLFXODU WKH LQFRUSRUDWLRQ RI D. UHVLGXH
UHVXOWHG LQ WKHPRVW IRFDOGHOLYHU\RZQLQJ WR LPPRELOLVDWLRQRI WKHP&KHUU\YLUXV )LJXUH
'7KLVLVQRWHZRUWK\DVZHKDYHHQKDQFHGWKHSURSHUWLHVRIWKLVVRSKLVWLFDWHGPLQLPDOLVW
)PRF6$3V\VWHPIRURXUGHVLUHGDSSOLFDWLRQLQYLUDOYHFWRUJHQHGHOLYHU\IRU&16UHSDLU2XU
UHVXOWV KDYH VKRZQ WKDW WKH UDWLRQDOO\ GHVLJQHG VSHFLILF DPLQR DFLG VHTXHQFHV DOORZ WKLV
DGMXYDQWVFDIIROGWRGHOLYHUELRORJLFDOO\UHOHYDQW'1$viaYLUDOYHFWRUVZLWKLQ6$3VGLUHFWO\
DWWKHHGJHRIDOHVLRQIRUH[DPSOHSRVWWUDXPDWLFEUDLQLQMXU\RUVWURNH'HOLYHU\ZLWKLQWKH
)PRF6$3 K\GURJHO ZLOO DOVR DYRLG QHXULWH PLVURXWLQJ DQWLERG\ QHXWUDOLVDWLRQ DQG WKH




LQFUHDVHGLPPXQHUHVSRQVHVREVHUYHGDVDUHVXOWRIYHFWRUGLIIXVLRQDVRXUVFDIIROGVZLOOVFUHHQ

)LJXUHIn vivo DVVHVVPHQWRI)PRF6$3K\GURJHO IRUYLUDO YHFWRUJHQHGHOLYHU\ $)RFDO
GHOLYHU\RIWKHP&KHUU\OHQWLYLUXVZLWKLQ)PRF'',.9$9.JHOVLJQLILFDQWO\UHGXFHGWKHQXPEHURI
P&KHUU\LQWKHKRVWVWULDWXP%6LPLODUO\WKHYROXPHRIP&KHUU\FHOOVZLWKLQWKHVWULDWXPZDV
UHGXFHGZLWKWKHDGGLWLRQRID.UHVLGXHGHPRQVWUDWLQJWKHDELOLW\RI)PRF'',.9$9.WRLPPRELOLVH
WKHOHQWLYLUXVDQGVXEVHTXHQWO\ORFDOLVHGHOLYHU\RIJHQHWLFPDWHULDO&&RQVHTXHQWO\WKHGHQVLW\RI
WKHP&KHUU\FHOOVZDVVLPLODUDFURVVDOOJURXSVGHPRQVWUDWLQJWKDWWKHWUDQVGXFWLRQHIILFLHQF\RIWKH
GHOLYHUHGYLUXVZDVQRWFRPSURPLVHGE\WKHSUHVHQFHRIWKH)PRF6$3V'DWDUHSUHVHQWVPHDQ6(0
P   P   &KURPRJHQLF VWDLQ RI P&KHUU\ FHOOV LQ WKH PRXVH EUDLQ LOOXVWUDWLQJ WKH
WUDQVGXFWLRQHIILFLHQF\IROORZLQJ'GLUHFWYLUDOYHFWRUGHOLYHU\(YLUDOYHFWRUGHOLYHU\ZLWK)PRF
'',.9$9 DQG ) YLUDO YHFWRU GHOLYHU\ ZLWK )PRF'',.9$9. 1RWH WKH UHGXFHG YROXPH RI
WUDQVGXFWLRQZLWKWKHDGGLWLRQRID.UHVLGXHîG¶I¶KLJKSRZHUîLPDJHVRI'¶)¶LOOXVWUDWLQJ
WUDQVGXFHGP&KHUU\
WKHYLUXVIURPWKHKRVWLPPXQHUHVSRQVHWKURXJKORFDOLVHGGHOLYHU\$GGLWLRQDOO\WKH)PRF
6$3V DUH FDSDEOH RI VXSSRUWLQJ FHOOV WKURXJK LWV QDQRILEURXV DUFKLWHFWXUH SURYLGLQJ KLJK
GHQVLW\SUHVHQWDWLRQRIELRDFWLYHSHSWLGHVWRGLUHFWFHOOEHKDYLRXUDQGFDSDFLW\IRULQMHFWLRQLQWR
DYRLGLQGXFLQJLQWLPDWHFRQWDFWZLWKWKHVXUURXQGLQJHQYLURQPHQW7KHGHVLJQHGK\GURJHOFDQ
OLPLWWKHVSUHDGRIWKHYLUDOYHFWRUWRQRQWDUJHWWLVVXHDQGGHOLYHUWKHGHVLUHGJHQHWLFPDWHULDO
WRFHOOVSURYLGLQJORQJWHUPSURWHLQH[SUHVVLRQIRUWKHUDSHXWLFEHQHILW




&RQFOXVLRQV
,QWKLVFKDSWHUZHLQLWLDOO\GHYHORSHGWKUHH)PRFEDVHG6$3VWKDWFRQWDLQYDULRXV(&0SURWHLQ
ELRDFWLYHSHSWLGHVHTXHQFHVZLWKWKHDELOLW\WRVLPXOWDQHRXVO\SURYLGHDVFDIIROGLQJVXSSRUW
DQGELRFKHPLFDOVLJQDOOLQJ7KHVH6$3VFRXOGEHXVHGDVDSODWIRUPIRUWKHGHYHORSPHQWRI
HQKDQFHGELRPDWHULDOVWKDWZLOOIXUWKHUSURPRWHFHOOYLDELOLW\DQGSRWHQWLDOO\GLUHFWFHOOIDWHIRU
in vivoWLVVXHHQJLQHHULQJ7KLVZRUNKDVVKRZQWKDW)PRF6$3VFRQWDLQLQJILEURQHFWLQDQG
ODPLQLQ VHTXHQFHV DUH KLJKO\ ELRFRPSDWLEOH DQG FDQ VXSSRUW FHOO JUDIWV LQ WKH VWULDWXP ,Q
SDUWLFXODU ODPLQLQEDVHGVHTXHQFHVVKRZHGWKHPRVWSRWHQWLDOIRU in vivoEUDLQDSSOLFDWLRQV
ZLWKQRGLIIHUHQFHLQFHOOVXUYLYDOPLJUDWLRQLQQHUYDWLRQDQGLQIODPPDWRU\UHVSRQVHFRPSDUHG
WR FHOOV LQMHFWHG DORQH 7KH )PRF6$3 FRXOG DFW DV D VFDIIROGLQJ VXSSRUW WR ERWK WKH
WUDQVSODQWHGH[RJHQRXVFHOOVDVZHOODV LQILOWUDWLQJKRVWQHXURQVDVWURF\WHVDQGYDVFXODWXUH
6XFKVWXGLHVZRXOGDOORZIXUWKHURSWLPLVDWLRQRIWKHVH³VPDUW´ELRPDWHULDOV

$OWKRXJKYLUDOYHFWRUVKDYHHPHUJHGDVXVHIXOYHKLFOHVIRU WKHGHOLYHU\RIJHQHWLFPDWHULDO
WKHUHLVDQHHGIRUDGHOLYHU\PHFKDQLVPWKDWZLOOVFUHHQWKHYLUDOYHFWRUIURPWKHKRVWLPPXQH
V\VWHPLQFUHDVLQJWUDQVGXFWLRQHIILFLHQF\DQGDFKLHYHORFDOLVHGORQJWHUPWKHUDSHXWLFSURWHLQ
H[SUHVVLRQ7KHUHIRUHLQWKHVHFRQGSDUWRIWKLVFKDSWHUZHHVWDEOLVKHGWKHVXLWDELOLW\RI)PRF
6$3VWRIRFDOO\GHOLYHUDYLUDOYHFWRULQWRWKHEUDLQZLWKRXWFRPSURPLVLQJWKHLQIHFWLYLW\RIWKH
YLUXV7KHDGGLWLRQRID.UHVLGXHGHPRQVWUDWHG WKDW WKHDGGLWLRQDO 1+JURXSVUHVXOWHG LQ
LPPRELOLVDWLRQRI WKHYLUXVZLWKLQWKHPDWHULDODFKLHYLQJORFDOLVHGWUDQVGXFWLRQRI WKHFHOOV
VXUURXQGLQJWKHLQMHFWHG)PRF6$36XFKDPDWHULDOKROGVJUHDWSRWHQWLDODVDYDOXDEOHYHKLFOH
IRUSURFHHGLQJDGYDQFHV LQJHQHWKHUDS\+HUHZHKDYHXVHGDOHQWLYLUDOYHFWRUDVSURRIRI
FRQFHSW KRZHYHU LPPRELOLVDWLRQ via HOHFWURVWDWLF LQWHUDFWLRQVZLWK WKH QHJDWLYHO\ FKDUJHG
YLUDOFDSVXOHFDQEHXVHGIRUDQ\YLUDOYHFWRU




&KDSWHU &RQFOXVLRQV

 




7KHUHVHDUFKFDUULHGRXWLQWKLVWKHVLVKDVGHPRQVWUDWHGWKHGHVLJQDQGXVHRIWKHQRYHO)PRF
6$3EDVHGPDWHULDO$OOUHVXOWVZHUHDGGUHVVHGLQWKLVFKDSWHUWKURXJKULJRURXVUHVHDUFKWKDW
LQFOXGHGPDWHULDOGHYHORSPHQWFKDUDFWHULVDWLRQDQGELRORJLFDODQDO\VLV2XUUHVXOWVSUHVHQWD
V\VWHPDWLFDSSURDFKIRUGHVLJQLQJELRPDWHULDO WKDWFDQEHIXUWKHUGHYHORSHGIRURWKHU WLVVXH
HQJLQHHULQJDSSOLFDWLRQV,QWKLVWKHVLVZHHQJLQHHUHGVHYHUDO)PRF6$3VZLWKWKHSUHVHQFHRI
5*' 3+651 DQG ,.9$9 HSLWRSHV WKURXJK D UDWLRQDO GHVLJQ 7KHQZH IRUPHG K\GURJHOV
EDVHGRQ WKHVH)PRF6$3VXVLQJDZHOOHVWDEOLVKHGS+VZLWFKPHWKRGXQGHUSK\VLRORJLFDO
FRQGLWLRQV DQG WKH VHOIDVVHPEO\ LV GULYHQ E\ʌȕ DVVHPEO\ DQG IRUPQDQRILEURXV VFDIIROG
XQGHUSLQQHGE\QDQRILEUHV

:HGHPRQVWUDWHGWKHELRFRPSDWLELOLW\RIILEURQHFWLQGHULYHG)PRF6$3)PRF)5*')XVLQJ
K0)&VLQ'FHOOFXOWXUHDQGFRPSDUHGZLWKDVFUDPEOHGVHTXHQFH)PRF)'*5)5HVXOWV
VKRZHGWKDWWKH5*'VHTXHQFHLVELRDYDLODEOHZKLOHWKH'*5VHTXHQFHLVELRLQHUW2QFHZH
FRQILUPWKHELRFRPSDWLELOLW\RI)PRF)5*')ZHWKHQGHYHORSDVLPSOHDSSURDFKZKLFKFDQ
WXQHWKHPRUSKRORJLFDODQGPHFKDQLFDOSURSHUWLHVRIWKHUHVXOWDQWK\GURJHO7KURXJKFRQWURO
WKHS+FKDQJHVSHHGE\XVLQJ*G/DQG+&OZHFDQHDVLO\WXQHWKHPRUSKRORJ\RIWKHUHVXOWDQW
K\GURJHO ZKLOH E\ WXQLQJ WKH V\VWHP¶V LRQLF VWUHQJWK WKH ULJLGLW\ RI WKH VFDIIROG FDQ EH
UHJXODWHG

7KH FRDVVHPEO\ RI WZR )PRF6$3V WKDW ERWK GHULYHG IURP ILEURQHFWLQ ZDV GHVLJQHG WR
HQKDQFHWKHELRPLPHWLFFDSDFLW\RIWKHVFDIIROGZKLFKDOVRPDQLIHVWHGE\'FHOOFXOWXUHXVLQJ
K0)&V UHVXOWV VKRZHG WKDW FRDVVHPEOHG K\GURJHO LV DEOH WR LQGXFH LPSURYHG DGKHVLRQ
VSUHDGLQJDQGSUROLIHUDWLRQIRUK0)&V7KHQLQDQH[WHQVLRQRIWKLVWKHFRDVVHPEO\RI)PRF
6$3VIURPWZRVHSDUDWH(&0SURWHLQVILEURQHFWLQDQGODPLQLQIRUPVDKRPRJHQHRXVVFDIIROG
WKDWLQGXFHVWKHIRUPDWLRQRISURWRP\RWXEHVIURP&&FHOOVLQ'FHOOFXOWXUH




:HWKHQLQFRUSRUDWHGDSRO\DQLRQLFSRO\VDFFKDULGHIXFRLGDQLQWRWKH6$3VFDIIROGWKURXJKFR
DVVHPEO\DQGUHVHDUFKHGWKHVHOIDVVHPEO\PHFKDQLVP5HVXOWVVKRZHGWKDWWKHFRDVVHPEO\
ZLWK IXFRLGDQ GRHV QRW LQWHUUXSW WKH ʌȕ DVVHPEO\ RI WKH )PRF6$3ZKLOH WKHPLFURVFDOH
RUGHULQJRIWKHSHSWLGHILEULOVDQGVWLIIQHVVRIWKHK\GURJHOZHUHLQFUHDVHG:HWKHQXVHWKLV
WZRFRPSRQHQWDVDQDQWLFDQFHUPDWHULDO5HVXOWVGHPRQVWUDWHGWKDWWKLVPDWHULDOLVQRQWR[LF
ELRFRPSDWLEOH DQG DOORZV WKH FXOWXUH RI KHDOWK\ FHOOV in vitro ZKLOH LQGXFHV FRQWUROOHG
DSRSWRVLV LQ RUDO FDQFHU FHOOV WKURXJK GRZQ UHJXODWLQJ WKH SURGXFWLRQ RI SURLQIODPPDWRU\
F\WRNLQHV%\FRDVVHPEO\ZLWKDSURWHRJO\FDQYHUVLFDQDQRWKHUPXOWLFRPSRQHQWVFDIIROGZDV
IRUPHGDQGZKLFKZDVXVHGWRSURYLGHDVXSSRUWLYH'VFDIIROGIRUDPRXVHP\REODVWFHOO
&&

)LQDOO\ZHGHPRQVWUDWHGXWLOLW\DQGELRFRPSDWLELOLW\RIWKHVFDIIROGDVDYHFWRUIRUWKHGHOLYHU\
RIVWHPFHOOVDQGWKHUDSHXWLFJHQHVin vivo)PRF6$3VGHULYHGIURPILEURQHFWLQDQGODPLQLQ
GHOLYHULQJFRUWLFDOQHXUDOSURJHQLWRUFHOOVLQWRWKHPRXVHEUDLQGLVSOD\DOLPLWHGIRUHLJQERG\
UHVSRQVH HIIHFWLYH IXQFWLRQDOLVDWLRQ DQG ORZ F\WRWR[LFLW\ IRU DW OHDVW  GD\V7KURXJK WKH
DGGLWLRQRID&WHUPLQDOO\VLQH.UHVLGXHLQFUHDVHGHOHFWURVWDWLFLQWHUDFWLRQVSURYLGHGE\WKH
DGGLWLRQDODPLQHVLGHFKDLQDOORZVWKHHIIHFWLYHLPPRELOLVDWLRQRIOHQWLYLUDOYHFWRUSDUWLFOHV
WKHUHE\FRQVWUDLQLQJWKHLUDFWLYLW\H[FOXVLYHO\WRWKHVLWHRILQMHFWLRQDQGHQDEOLQJIRFDOJHQH
GHOLYHU\in vivo,PSRUWDQWO\LPPRELOLVDWLRQRIWKHYLUXVRQO\HIIHFWHGWUDQVIHFWLRQFHOOQXPEHU
DQGYROXPHZLWKRXWFRPSURPLVLQJRQWUDQVIHFWLRQHIILFLHQF\

,QFRQFOXVLRQZHGHVFULEHGDYHUVDWLOH)PRF6$3K\GURJHOWKDWFDQEHXVHGIRUin vitro'
FHOOFXOWXUHDQGHVWDEOLVKHG)PRF6$3VDVDYHUVDWLOHSODWIRUPIRUHQKDQFHGELRPDWHULDOGHVLJQ
IRUDUDQJHRIin vivoWLVVXHHQJLQHHULQJDSSOLFDWLRQV




&KDSWHU )XWXUH:RUN

 




,QWKLVWKHVLVZHKDYHGHVFULEHGWKHGHYHORSPHQWRI)PRF6$3EDVHGK\GURJHOVFDIIROGVIURP
ELRORJLFDOO\ LQHUW VXEVWDQFHV WR HQKDQFHG ELRPLPHWLF PDWHULDOV IRU in vitro DQG in vivo
DSSOLFDWLRQV:LWK WKHVHH[SHULPHQWV WKHUHVXOWVRI WKLV WKHVLVFRQWULEXWH WRHVWDEOLVK)PRF
6$3V DV D SODWIRUP IRU FRQWLQXHG GHVLJQ DQG RSWLPLVDWLRQ RI ELRPDWHULDOV WKDW FDQ FORVHO\
LPLWDWHWKHH[WUDFHOOXODUPLFURHQYLURQPHQWWRVXSSRUWFHOOVIRUWLVVXHHQJLQHHULQJDSSOLFDWLRQV
7KHSRWHQWLDOXVHIRU)PRF6$3VKRZHYHUFDQEHH[SORUHGIXUWKHU$VDQH[WHQVLRQRIWKH
FXUUHQWZRUNWKHUHDUHVHYHUDOGLUHFWLRQVWKDWFDQFRQWLQXH

)LUVWO\ DV D FRQWLQXDWLRQ RI WKHZRUN RI&KDSWHU  DQG&KDSWHU  IXWXUH VWXGLHV RQ FR
DVVHPEOHG)PRF6$3VFDQLQYHVWLJDWHERWKWKHHQKDQFHGELRDFWLYLW\RIWKHV\VWHPDVZHOODV
WKHSRWHQWLDOPHFKDQLVPV IRU FRQWURORI WKHSK\VLFDOSURSHUWLHVRI WKH UHVXOWDQWK\GURJHO ,I
VXFFHVVIXOVXFKVWXGLHVFRXOGHQDEOHWLVVXHHQJLQHHULQJVFDIIROGVWREHWDLORUHGIRUWLVVXHRU
DSSOLFDWLRQVSHFLILFXVHVZKLFKPHDQVWKDWWKHFRDVVHPEO\RI)PRF6$3V\VWHPWKDWFRQWDLQ
PXOWLSOH SHSWLGH GRPDLQV FDQ EH XVHG QRW RQO\ IRU P\REODVWV EXW DOVR IRU RWKHU WLVVXH
HQJLQHHULQJVXFKDVERQHUHJHQHUDWLRQDQGQHXUDOVWHPFHOOWUDQVSODQWDWLRQ

6HFRQGO\ DV DQ H[WHQVLRQ RI &KDSWHU  ZH FDQ UHVHDUFK IXUWKHU DERXW WKH DQWLFDQFHU
PHFKDQLVPVXFKDVXVLQJ51$DSWDPHUWHFKQRORJ\WRPRQLWRUWKHGHYHORSPHQWRIFDQFHUVWHP
FHOOV XQGHU WKH HIIHFW RI )PRF6$3IXFRLGDQ K\GURJHO )XUWKHUPRUH WKLV GXUDO FRPSRQHQW
VFDIIROG ZLWK LWV XQLTXH SURSHUWLHV e.g. KDUPOHVV WR KHDOWK\ FHOO FDQ DOVR EH XVHG IRU WKH
WUHDWPHQWRIRWKHUFRPPRQFDQFHUV VXFKDV IRUEUHDVW WXPRXULJHQLFFDQFHUFHOOVKHSDWRPD
FDUFLQRPDFHOOetc)XUWKHUPRUHZHZLOOXVHDQLPDOPRGHOVVXFKDVPRXVHUDEELWWRUHVHDUFK
WKHDQWLFDQFHUSURSHUW\RI)PRF6$3Vin vivoLQRUGHUWRHVWDEOLVKDFOLQLFDOIRUPXODWLRQ






7KLUGO\DVWKHin vivoFHOOXODUPDWUL[LVG\QDPLFWRFRQWLQXHWKHFXUUHQW&&'FHOOFXOWXUH
FDUULHGRXWLQ&KDSWHUDYHUVLFDQDVHVXFKDV$'$076FDQEHXVHGWRFOHDYHYHUVLFDQ
LQWRVPDOOIUDJPHQWVFKDQJLQJWKHG\QDPLFPLFURHQYLURQPHQW7KHQWRFRQWLQXHZHFDQDSSO\
WKH)PRF6$3VFDIIROGLQWRDPXVFXODUG\VWURSK\PRXVHPRGHOWRIXUWKHUFKHFNLWVELRORJLFDO
SURSHUW\IRUIXWXUHFOLQLFDODSSOLFDWLRQV

&RQWLQXHGUHVHDUFKLQWKLVDUHDZLOOUHTXLUHDPXOWLGLVFLSOLQDU\DSSURDFKWKDWHQFRPSDVVHVWKH
NQRZOHGJH DQG H[SHUWLVH UHTXLUHG IRU ELRPDWHULDOV GHYHORSPHQW DV ZHOO DV DGYDQFHV LQ
QHXURELRORJ\%DVHG RQ WKH UHVHDUFK RXWFRPHV LOOXVWUDWHG LQ WKLV WKHVLV DQG WKURXJK IXUWKHU
UHVHDUFK DQG GHYHORSPHQW ZH FDQ EXLOG RQ WKLV QRYHO VHOIDVVHPEO\ V\VWHP WR SURYLGH D
SRZHUIXOWRROIRUWLVVXHHQJLQHHULQJDSSOLFDWLRQV
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